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FOREWORD 


This  program  was  sponsored  by  the 

Air  Force  Rocket  Propulsion  Laboratory 
Research  and  Technology  Division 
Edwards,  California 

Air  Force  Systems  Command,  United  States  Air  Force 

This  work  was  accomplished  under  Contract  No.  F0461 1 -70-C-0061 
between  1  May  1970  and  30  September  1971  by  Lockheed  Propulsion  Company, 
Redlands,  California.  The  Air  Force  Project  Engineer  was  Capt.  R.  T.  Schuder. 

This  program  was  conducted  during  the  third  and  final  year  of  work  ini¬ 
tiated  in  May  1967  under  Contract  No.  F0461 1-67-C-0100  and  reported  in 
Technical  Report  AFRPL-TR-68-  130,  and  continued  in  August  1968  under 
Contract  No.  F0461 1 -69-C -0002  and  reported  in  Technical  Report  AFRPL- 
TR-70-10.  These  programs  represent  a  continuing  integrated  approach  to 
the  problems  of  solid  propellant  structural  integrity.  The  work  was  pri¬ 
marily  concerned  with  experimental  measurement  of  grain  stress  and  strains 
using  instrumented  Structural  Test  Vehicles  (STVs). 

In  this  third-year  effort  the  main  emphasis  was  on  developing  a  greater 
understanding  of  the  embedded  gage  performance  in  simple  test  fixtures 
under  known  loadings.  A  combined  analytical  and  experimental  approach 
was  employed. 

Major  contributors  to  this  report  were  Professor  M.  L.  Williams  and 
W.S.  Brown  (University  of  Utah),  Professors  K.  Pister  and  R.  Taylor 
(University  of  California  at  Berkeley),  Professors  R.A.  Schapery  and 
W.D.  Webb  (Texas  A&M),  and  Professor  W.G.  Knauss  (California  Institute 
of  Technology).  Dr.  H.  Leeming  (Leeming  &t  Associates)  was  Principal 
Investigator. 

This  Technical  Report  has  been  reviewed  and  is  approved. 


R.  T.  Schuder,  Capt.  ,  USAF 
AFRPL  Project  Engineer 
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ABSTRACT 


Results  of  the  third  year  of  the  Structural  Test  Vehicle  (STV)  Program 
conducted  by  Lockheed  Propulsion  Company  for  AFRPL  are  presented. 
Improvements  in  computer  codes  THVINC  and  CXL  450  resulted  in  improved 
cost-effectiveness.  THVINC  is  for  transient  thermoviscoelastic  analysis  of 
incompressible  solids  and  CXL  450  is  for  isothermal  steady- state  vibration 
of  viscoelastic  solids.  The  improved  codes  were  used  for  viscoelastic 
analyses  of  a  diaphragm  gage  in  a  uniaxial  propellant  specimen  subject  to 
constant  stress,  constant  strain,  and  cyclic  tests.  Predicted  gage  per¬ 
formance  is  qualitatively  similar  to  experimental  results.  Analysis  of  the 
gage  response  to  shock  suggests  it  is  not  effective  for  shock  wave  measure¬ 
ments.  However,  experimental  tests  show  reasonable  response  to  shock 
pulses  in  the  millisecond  time  range.  A  three-dimensional  computer  code 
was  used  to  analyze  a  shear  cube  under  simple  loading  conditions  and  to 
confirm  experimental  findings  that  the  interference  problem  is  minimal  and 
that  a  slight  cross  sensitivity  exists.  Experimental  data  show  the  per¬ 
formance  of  shear  gages  in  a  biaxial  (diametral  compression)  stress  field 
and  under  cyclical  shear  loading.  Results  of  restrained  cooling  and  heating 
tests  are  presented  and  compared  with  analysis.  Usually  analytical  stresses 
are  lower  (at  leant  2  times)  than  experimental  stresses.  Embedded  diaphragm 
gages  indicate  thermal  stresses  close  to  those  measured.  Modifications  to 
the  "reduced  time"  definition  to  incorporate  rate-of-temperature  change  do 
not  result  in  significant  changes  in  predicted  stresses.  Later  experiments 
using  a  block  (2x2x6  in.)  of  STV  propellant  show  good  agreement  between 
analysis  and  experiment,  suggesting  that  low- strain,  large- specimen  test 
data  are  more  useful  in  predicting  thermal  stresses.  Dilatational  experi¬ 
mental  and  analytical  work  performed  at  Texas  A&M  University  shows  signi¬ 
ficant  nonlinear  behavior  in  the  STV  propellant  and  suggests  an  improved 
approach  for  the  determination  of  thermal  strain  in  a  circular  port  grain. 
Improved  material  characterization  techniques  are  also  described.  Results 
of  thermal  cycling  and  cooling  experiments  on  4-point- star,  inert-propellant 
STV  No.  6  are  given.  No  motor  failure  was  detected  after  thermal  cycling 
from  150  to  -100°F.  Gage  readings  measured  during  the  tests  are  discussed 
and  compared  with  analysis.  A  technique  for  removal  of  gages  from  old 
motors  and  STVs  by  chemical  milling  is  discussed.  Finally  a  modified 
system  is  described  for  coding  microfilm  data  of  STV,  and  inert  propellant 
and  gage  calibration  data. 
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SECTION  I 

INTRODUCTION  AND  SUMMARY 


1.  PROGRAM  OBJECTIVES 

Lockheed  Propulsion  Company  (LPC)  has  completed  the  third  and 
final  year  of  a  theoretical  and  experimental  program  concerned  with  the 
development  of  Solid  Propellant  Structural  Test  Vehicles  and  the  necessary 
instrumentation  for  measuring  propellant  grain  stress,  strain,  and  tempera¬ 
ture.  This  work  originated  under  AFRPL  Contract  No.  F04611-67-C-0100 
in  May  of  1967  and  was  continued  under  AFRPL  Contracts  No.  F04611-69- 
C-0002  and  F046 1 1-70-C -006  1.  The  overall  objectives  of  the  work  were  as 
follows: 

•  The  design,  manufacture,  and  testing  of  instrumented 
structural  test  vehicles  to  investigate  the  utility  of 
available  stress/strain  instrumentation  for  solid  pro¬ 
pellant  grains,  and  to  investigate  the  accuracy  of 
currently  available  motor  structural  analysis  techniques 
based  upon  infinitesimal  elastic  theory  and  linear 
viscoelastic  material  behavior. 

•  The  development  of  improved  analysis  procedures  and 
material  characterization  techniques  as  required  to 
obtain  good  agreement  between  experimentally  measured 
stresses  and  strains  and  calculated  values. 

2.  PROGRAM  SUPPORT 

Lockheed  Propulsion  Company  retained  the  services  of 
Dr.  H.  Leeming  to  continue  as  Principal  Investigator  after  he  left  LPC  at  an 
early  stage  of  this  final  program  year.  Mr.  Dalton  Cantey  took  over  the 
responsibility  of  Program  Manager  after  Dr.  Leeming  left  LPC. 

Professor  Karl  Pister  and  his  colleagues  at  Mathematical  Sciences 
Northwest  continued  their  work  in  the  areas  of: 

•  Improved  analysis  codes  for  thermal  and  vibration 
problems 

•  Detailed  diaphragm  gage -calibration  fixture  analysis 

•  Analysis  of  an  embedded  shear  gage 

Professor  R.  A.  Schapery  and  Professor  D.  Webb  of  Texas  A&M 
University  continued  their  investigations  into  the  nonlinear  analysis  of  pro¬ 
pellant  and  methods  for  determining  these  properties. 

Professor  W.  G.  Knauss  of  the  California  Institute  of  Technology 
developed  a  much  improved  version  of  his  uniaxial  transient  thermal  stress 
analysis  code. 
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Professor  M.  L.  Williams  was  absent  from  the  country  for  most  of 
this  year's  work  but  managed  to  perform  a  closed  form  solution  for  a  shear 
gage  embedded  in  an  elastic  material. 

A  subcontract  was  also  arranged  with  Mr.  E.  R.  Frost  to  assist 
LPC  with  the  classification  and  copying  of  the  STY  propellant  and  gage 
calibration  data  on  microfiche. 

3.  SUMMARY  OF  PROGRESS  MADE  IN  EARLIER  YEARS 

During  the  first  year  of  the  STV  program,  techniques  for  the 
manufacture  of  instrumented  solid  propellant  motors  were  developed  and 
the  available  instrumentation  for  measuring  stress  and  strain  within  a  grain 
was  evaluated.  It  was  demonstrated  that  the  thermal  analysis  of  a  propel¬ 
lant  bar  or  sheet  under  nonisothermal  conditions  was  a  real  problem  and  that 
available  analytical  techniques  were  not  accurate  in  predicting  stresses  under 
this  condition.  Errors  of  the  order  of  several  hundred  percent  were 
encountered,  the  analysis  predicting  much  lower  stress  levels  than  were 
measured. 

The  second  year  of  the  program  included  the  development  of  the 
THVISC,  Transient  Thermal  Viscoelastic  Computer  Code,  and  the  CX450, 
Cyclical  Vis  coelastic  Computer  Code.  Although  these  programs  were 
written  in  the  first  year  of  the  program,  they  were  not  debugged  and  properly 
working  until  the  end  of  the  second  year. 

A  comparison  between  the  experimental  results  from  the  STV  vibra¬ 
tion  tests  and  the  predicted  results  from  the  CX450  program  led  to  the  con-  ■ 
elusion  that  in  most  real  vibration  problems  involving  motors,  the  only  way 
to  determine  reliably  the  magnitudes  of  dynamic  stresses  and  strains  was  to 
measure  them.  Thi6  results  not  so  much  from  errors  or  problems  with  the 
analysis  as  from  the  complex  coupling  between  various  modes  which  occurs 
in  practice  and  which  completely  invalidates  the  calculations. 

The  use  of  THVISC  computer  code  to  predict  transient  thermal  STV 
stresses  showed  that  it  was  still  much  too  expensive  to  run  for  most  pur¬ 
poses  and  that  a  considerable  effort  should  be  made  to  improve  the  cost- 
effectiveness  of  the  program. 

Analysis  of  an  STV  under  thermal  cooldown  conditions  was 
conducted  using  a  one -dimensional  analysis  code  developed  at  Aerojet- 
General  Corporation.  A  comparison  between  the  experimental  data  and  the 
analysis  revealed  that  there  was  a  problem  at  the  case -liner -propellant 
interface.  Agreement  was  not  obtained  between  analysis  and  experiment 
until  a  layer  of  insulation  was  introduced  into  the  analysis  at  the  case -grain 
interface.  Once  this  artificial  barrier  was  introduced,  the  temperatures 
throughout  the  grain  could  be  made  to  agree  with  the  measured  values,  and, 
when  the  temperatures  were  in  agreement,  the  bore  strain  history  agreed 
with  that  measured.  The  predicted  thermal  stress  values  were  still  much 
lower  than  those  measured  even  when  the  temperatures  and  the  strains 
were  satisfactory. 
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The  results  of  p.  series,  of  tests  of  sxiiall  test  motors  to  failure  under 
a  variety  of  loading  environments  showed  that  the  predictions  of  failure  were 
in  most  instances  not  very  precise.  In  many  instances,  it  was  predicted  that 
the  motors  should  fail  and  they  did  not,  which  Confirm,*  the  conservative 
nature  of  most  approaches  to  failure  prediction. 

In  this  context,  one  of  the  most  satisfying  results  to  come  from  the 
second -year  STV  program  was  the  demonstration  that  even  under  transient 
thermal  cooldown  conditions,  when  analytical' predictions 'were  greatly  in 
error,  the  embedded  25-psi  gage  gave  stress  values  that  were  very  close  to 
those  measured  experimentally.  , 

4.  SUMMARY  OF  THIRD -YEAR  RESULTS 
a.  Improved  Analysis  Codes 

In  the  area  of  improvements  to  computer  analysis  codes,  the 
emphasis  during  the  third  year  of  the  STV  program  was  to  improve  the  cost- 
effectiveness  of  the  new  programs,  THVISC,  CX450 ,  and  the  Knauss  Uniaxial 
Thermal  Stress  Analysis  Program,  which  had  been  developed  but  were  too 
expensive  for  normal  routine  analysis  problems. 

One  of  the  approaches  to  improving  the  cost-effectiveness  of 
the  THVISC  code  was  not  strictly  a  programming  approach,  but  consisted 
rather  of  using  an  improved  method  of  handling  the  Prony  Series  terms  used 
to  describe  the  propellant  relaxation  modulus.  In  the  integration  procedure, 
it  was  found  that  only  four  of  the  whole  series  of  terms  (which  may  number 
up  to  15)  were  involved  in  the  integration  process.  Reduced  computation 
was  therefore  effected  by  a  search  procedure  to  ascertain  those  terms  that 
would  be  involved,  and  only  those  were  subject  to  the  computation  procedure. 
The  time  taken  for  the  search  is  much  less  costly  than  the  approach  of 
simply  calculating  the  integration  with  all  the  terms  in  the  series,  which 
was  the  normal  method  in  earlier  programs. 

Another  advantage  of  the  new  procedure  is  that  it  is  now 
possible  to  use  a  large  number  of  terms  in  the  Prony  Series  to  obtain  a 
good  fit  to  the  experimental  data  without  worry  about  the  cost  involved  in 
the  computation. 

The  transient  thermal  viscoelastic  computer  code  modified  for 
near -incompressible  material  properties,  as  required  by  most  propellants , 
is  referred  to  as  THVINC.  The  program  has  been  extensively  modified  to 
eliminate  the  use  of  taping  operations  as  much  as  possible.  Small  problems 
can  now  be  handled  within  the  computer  core,  which  eliminates  a  great  deal 
of  the  cost. 


The  treatment  of  boundary  conditions  has  been  improved  to 
allow  for  time  dependence.  Thus,  the  thermal  environment  history  may  now 
be  used  directly  as  an  input  to  the  program. 
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The  improved  version  of  the  steady-state  vibration  program  is 
known  as  CXL450.  Reduced  costs  in  running  this  program  were  effected  by 
improvements  in  two  areas:  (1)  formulation  of  the  finite  element  matrices, 
and  (2)  solution  of  the  resulting  system  of  algebraic  equations.  The  break¬ 
down  of  the  running  times  for  the  improved  code  is  presented  in  a  later 
section  of  this  report. 

The  earlier  computer  code  devised  by  Professor  Knauss  for 
solving  thermoviscoelastic  problems  made  use  of  existing  subroutines  as  a 
programming  convenience.  The  code  was  made  to  adjust  the  calculations 
automatically  to  within  a  specified  error  band  by  means  of  a  series  of 
iterations.  The  time  consumed  in  these  iterations  was  very  costly.  There¬ 
fore,  in  the  revised  thermoviscoelastic  code,  the  iterations  were  eliminated 
by  the  incorporation  of  the  approximation  error  into  the  program  as  a  speci¬ 
fied  input  parameter.  Improved  cost-effectiveness  was  achieved  in  this 
case  by  improved  preprogramming  to  eliminate  the  time  and  cost  of  the 
computer  iterations. 

In  reporting  the  effect  of  the  programming  improvements, 
Professor  Knauss  told  of  short  test  runs  with  the  old  and  the  new  programs. 
A  reduction  of  running  time  on  the  computer  from  minutes  to  seconds  was 
obtained,  an  improvement  of  the  order  of  100  times. 

Professor  Pister,  in  reporting  the  effects  of  the  changes  in 
THVINC,  stated  that  the  plane  strain  transient  thermal  analysis  of  the  STV, 
detailed  on  pages  22 9  through  234  of  Reference  1,  last  year's  final  report, 
had  been  rerun  with  the  improved  code.  The  data  obtained  had  been  of 
similar  accuracy  to  that  obtained  last  year,  and  with  a  running  time  on  the 
computer  of  only  1/5  of  that  required  earlier.  Thus  there  is  no  doubt  that 
striking  improvements  in  program  cost-effectiveness  have  been  achieved 
during  the  year's  work. 

b.  Normal  Diaphragm  Stress  Gage 

Professor  Pister  and  his  colleagues  have  continued  the 
analysis  of  the  diaphragm  gage  embedded  within  a  propellant  uniaxial  cali¬ 
bration  test  fixture  for  loadings  such  as  steady-state  vibration,  constant 
stress  and  strain,  and  shock  loads.  They  have  been  able  to  confirm  most 
of  the  experimental  results  generated  over  the  last  three  years  and, 
furthermore,  they  have  been  able  to  synthesize  the  viscoelastic  calibration 
curves  from  the  propellant's  relaxation  modulus  curves  and  the  assumption 
of  temperature -time  equivalence.  The  existence  of  the  gage  transfer  func¬ 
tion  was  implicit  in  the  empirical  gage  data  analysis  technique  developed 
during  the  earlier  STV  work,  and  Professor  Pister  has  now  shown  the 
form  of  this  function  and  its  relationship  to  the  other  material  parameters. 

For  the  gage  in  an  elastic  material,  the  gage  output  6  is  related 
to  the  average  normal  stress  on  the  gage  a  and  the  propellant  modulus  E 
through  the  expression:  "  p 

_g_  =  aj  +  bj  E 
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where  a4  and  b,  are  calibration  coefficients;  a}  depending  on  the  stress 
state  at  the  gage,  whereas  bx  is  a  constant. 

The  extension  of  this  analysis  to  the  case  of  the  gage  in  a 
viscoelastic  material  leads  to  the  relationship: 

jl  =  tiUhls. 

ffp  K  (t) 

where  K  (t)  =  K  (t/aj)  is  the  transfer  function  relating  the  average  normal 
stress  on  the  gage  to  the  free  field  normal  stress.  In  the  latter  expression, 
the  term  b  is  a  constant  and  the  term  a  depends  upon  the  gage  neighborhood 
stress  state. 


The  results  of  the  analysis  of  the  diaphragm  gage  in  a  visco¬ 
elastic  material  subject  to  a  sinusoidal  loading  showed  that  the  gage  response 
varies  considerably  with  the  propellant  modulus,  making  it  highly  frequency- 
dependent  and  showing  that  there  may  be  resonances  within  the  frequency 
range  of  interest.  It  is  also  shown  that  because  of  the  manner  in  which  the 
frequency  term  enters  into  the  equation  of  motion,  the  results  of  the  tests 
cannot  be  shifted  to  include  other  temperatures. 

Additional  brief  analyses  show  that  a  diaphragm  gage  cannot 
respond  to  a  shear  load  across  its  face,  and  suggest  that  the  diaphragm 
device  is  not  well  suited  to  the  measurement  of  shock  loads. 

These  analytical  predictions  are,  in  general,  supported  by  the 
results  of  experimental  tests  carried  out  on  gages  embedded  within  uniaxial 
propellant  test  fixtures. 

c.  Embedded  Shear  Gage 

A  preliminary  analysis  of  a  shear  gage  embedded  within  a  cube 
of  propellant  was  conducted  using  a  rather  coarse  numerical  model.  It  was 
determined  that  the  interference  problem  was  minimal  and  that  a  slight 
cross -sensitivity  exists.  These  results  confirm  the  experimental  data 
measured  on  shear  gages  in  previous  years.  Additional  experimental  data 
were  obtained  for  the  vibration  loading  of  a  shear  gage  in  a  simple  shear 
test  fixture.  Another  series  of  experiments  was  conducted  to  determine  the 
response  of  shear  gages  at  the  center  of  a  diametral  disc  subject  to  a 
vertical  compressive  loading.  Rotation  of  the  disc  containing  the  shear 
gages  enables  different  values  of  shear  stress  to  be  applied  to  the  gages. 

The  test  results  confirm  the  anticipated  shear  distribution 
within  the  specimen  and  show  that  the  gages  will  perform  well  in  complex 
biaxial  stress  fields. 

d.  Nonisothermal  Testing  and  Analysis 

Nonisothermal  tests,  i.  e. ,  thermal  cooling  and  heating  tests, 
were  again  performed  during  the  third  year  of  the  program.  Experiments 
were  carried  out  with  three  types  of  uniaxial  specimen:  the  original  STV 
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propellant.  uniaxial  specimen  containing  a  25-psi  diaphragm  gage,  an  inert 
specimen  containing  a  150-psi  diaphragm  gage,  and  a  third  specimen  made 
from  inert  propellant  containing  three  150-psi  diaphragm  gages, 

An  additional  set  .of  interesting  experiments  was  later  carried 
out  with  a  large  STV  propellant  block  (2  by  2  by  6 -in.  long)  as  a  uniaxial 
test  specimen. 

The  results  of  the  majority  of  the  experimental  tests  supported 
the  data  obtained  earlier  in  the  program.  Thus,  the  experimental  test  data 
gave  thermal  stresses  greater  Qian  those  predicted  on  the  basis  of  conven¬ 
tional  linear  viscoelastic  theory  and  with  the  thermorheological  simplicity 
postulate  assumed.  When  the  most  favorable  modulus  values  from  conven¬ 
tional  test  data  were  used  (usually  inverse  creep  compliance  data),  the  error 
in  the  calculations  was  of  the  order  of  two  times,  i.  e. ,  the  theory  calculated 
stress  values  of  about  one -half  that  measured.  Higher  errors  in  the  pre¬ 
dicted  stress  values  could  frequently  be  found. 

Because  the  errors  in  calculating  the  stresses  under  isothermal 
conditions  are,  in  general,  much  lower  (of  the  order  of  40  percent  under  the 
worst  conditions),  it  was  believed  that  the  fault  in  the  analysis  resided  in  the 
method  of  calculating  the  "reduced  time"  from  the  isothermal  temperature 
data.  The  conventional  approach  is  to  make  use  of  Morland  and  Lee's 
postulate  that  the  reduced  time  may  be  defined  by  means  of  the  equation: 

£  =  f  (Reference  2) 

5  aT 

where  a-p  is  the  time -temperature  shift  factor.  This  equation  does  reduce 
to  the  form  £  =  t/a-p  for  isothermal  test  conditions  and  for  this  reason  it 
has  not  been  seriously  questioned  for  many  ye.ars.  However,  it  appeared 
that  the  above  equation  is  inadequate  and  should  be  replaced  by  a  more 
meaningful  expression. 

Experiments  suggested  that  there  was  a  larger  discrepancy 
between  the  calculated  stress  values  and  the  experimental  data  at  relatively 
high  cooling  rates.  Under  very  slow  cooling  conditions  commonly  found  in 
large  motors  the  discrepancy  could  be  very  small.  For  this  reason  the 
expression  for  reduced  time  should  contain  some  function  of  rate  of  tempera¬ 
ture  change  as  well  as  simply  the  temperature. 

Two  approaches  to  this  problem  were  evaluated  in  this  work. 

The  first  approach  makes  use  of  the  standard  definition  of  reduced  time  for 
a  thermorheologically  simple  material,  £  =  t/ap  =  t.^j  where  =  l/a-p. 
Differentiation  of  this  expression  leads  to  the  following  equation  for  reduced 
time  under  varying  temperature  conditions: 

*(t)  =  f\ Tdt'  +  /  t'  •  (^)-dt' 
o  o 

This  equation  contains  two  parts,  the  first  being  identical  with 
the  Morland  and  Lee  definition  of  reduced  time,  and  the  second  depending  on 
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the  rate  of  change  of  temperature.  In  most  instances  this  expression  is  not 
sufficient  to  make  the  calculated  stress  values  agree  with  the  experimental 
data. 


The  second  approach  to  the  problem  was  suggested  by  Professor 
Pister.  He  defined  a  modified  reduced  time  4m  by  the  equation: 

d|m(t) 

-g—  =  4>x  (T,  T)  =  4>T(T).*t(T) 

where  the  assumption  is  made  that  the  effects  of  temperature  and  rate  of 
change  of  temperature  are  separable  into  two  independent  functions,  4X 
and  4*x.  The  first  function  is  the  shift  factor  under  constant  temperature 
conditions,  i.  e.  ,  the  inverse  of  a^. 

Reduced  time  under  transient  thermal  histories  is  given  by  the 

equation: 


o 

Experiments  so  far  with  this  equation  have  made  use  of  a  simple  functional 
form  for  the  factor  vRj,,  having  the  form: 

=  i  +  KjT  +  K2T2 

The  use  of  this  modified  reduced  time  definition  results  in 
larger  thermal  stress  values  in  tests  where  the  rate  of  temperature  change 
is  a  significant  quantity.  Unfortunately,  in  the  majority  of  cases  considered, 
the  rate  of  temperature  change  is  insufficient  to  produce  a  significant  change 
in  stress  value.  However,  this  is  not  to  say  that  the  reduced  time  is  inde¬ 
pendent  of  rate  of  temperature  change.  The  problem  is  one  of  determining 
a  realistic  series  of  experiments  that  can  unequivocally  demonstrate  the 
effect(s)  of  rate  of  temperature  change  on  the  thermally  induced  stresses. 

The  last  series  of  experiments  performed  in  connection  with 
the  measurement  of  thermal  cooling  stresses  made  use  of  the  large  STV 
propellant  block  as  a  specimen.  The  experiments  were  performed  primarily 
for  the  purpose  of  demonstrating  that  repeated  tests  could  be  performed  and 
would  result  in  meaningful  data,  providing  that  small  enough  strain  levels 
were  employed.  The  main  reason  for  these  tests  was  to  demonstrate  the 
validity  of  the  gage  calibration  technique  in  which  a  gage  was  embedded 
within  a  propellant  specimen  that  was  then  subjected  to  a  series  of  tests  at 
various  temperatures.  It  was  argued  that  the  calibration  tests  were  invalid 
because  the  repeated  use  of  a  single  propellant  specimen  would  modify  the 
gage -propellant  interaction,  as  the  propellant  became  damaged. 

The  primary  result  of  the  tests  on  the  large  block  specimen 
was  the  verification  that  no  detectable  damage  was  measured  as  a  result  of 
creep  tests  carried  out  at  load  levels  sufficiently  low  so  that  the  strain  in 
the  specimen  was  never  greater  than  0.5  percent.  After  the  completion  of 
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this  series  of  creep  tests,  it  was  decided  to  perform  thermal  cooling  tests 
on  the  large  propellant  block  and  to  calculate  the  anticipated  thermal  stresses 
based  on  the  low  strain  creep  test  data.  The  agreement  between  the  experi¬ 
mentally  measured  thermal  stresses  on  the  block  and  the  calculated  values 
based  on  conventional  thermal  analysis  techniques,  i.  e. ,  standard  Morland 
and  Lee  reduced  time,  is  extremely  good.  (The  rate  of  cooling  that  could  be 
achieved  with  this  large  block  was  insufficient  to  investigate  rate  of  tem¬ 
perature  change  effects.) 

However,  as  a  result  of  this  series  of  tests,  it  seems  that  at 
least  a  part  of  the  problem  of  predicting  the  thermally  induced  stresses  in 
solid  propellant  rocket  motors  can  be  eliminated  by  measuring  the  propel¬ 
lant  modulus  values  at  low  strain  values,  of  the  order  of  0.5  percent. 

The  results  of  the  thermal  cooling  tests  on  specimens  containing 
gages  (both  25  and  150  psi)  showed  that  the  gage  readings  gave  an  accurate 
indication  of  the  real  thermal  stress  value,  as  measured  experimentally 
with  the  load  cell.  Thus,  nonlinear  propellant  behavior  does  not  significantly 
affect  the  stress  values  obtained  from  embedded  gages.  Furthermore, 
standard  data  reduction  techniques  based  on  linear  viscoelasticity  have 
proved  adequate  for  the  accurate  interpretation  of  the  25 -psi  gage  data.  The 
150-psi  gage  data,  in  moot  instances,  may  be  reduced  by  means  of  a  simple 
constant  gage  sensitivity  factor,  even  under  thermal  cooling  conditions. 

e.  Nonlinear  Propellant  Behavior 

The  conclusions  arrived  at  as  a  result  of  the  internal  LPC 
thermal  cooling  work  are  supported  by  the  work  of  Professor  Schapery 
at  Texas  A&M  University.  They  show  that  the  properties  of  the  STV  pro¬ 
pellant  are  nonlinear,  and  that  the  use  of  constitutive  equations,  which  are 
in  themselves  linear,  enables  stresses  to  be  predicted  at  values  close  to 
those  observed  experimentally.  The  constitutive  equations  are  based  on  a 
nonequilibrium  thermodynamic  theory  developed  in  an  earlier  Air  For  co¬ 
sponsored  program,  and  they  are  only  slightly  more  involved  than  the 
constitutive  equations  currently  used  by  solid  rocket  structural  analysis. 

A  simple  method  for  predicting  nonlinear  thermal  strains  and 
deformations  in  long,  case -bonded  circular  port  grains  is  presented.  The 
nonlinear  phenomena  of  vacuole  dilatation  and  large  strains  are  included. 

This  theory  closely  predicts  the  experimentally  measured  bore  strains 
reported  in  the  first  year  STV  program  work  (Ref  1).  It  also  provides  a 
means  for  determining  the  propellant  bulk  properties  in  a  realistic  stress 
state. 

The  experimental  techniques  necessary  for  determining  the 
propellant  creep,  relaxation,  and  thermal  properties  in  multiaxial  stress 
states  are  also  described. 
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f.  Failure  Testing  of  STV  No.  6 

Toward  the  end  of  the  current  contract,  STV  No.  6  was  subjected 
to  thermal  cycling  to  increasingly  severe  conditions  and  eventually  from  +150 
to  -100°F.  It  was  found  that  there  was  no  apparent  damage  either  by  cracking 
at  the  star  valleys  or  by  unbonding  at  the  ends  of  the  grain.  Even  allowing 
for  the  excellent  physical  properties  of  the  inert  propellant  used  in  the  STV, 
the  motor  should  have  failed  by  all  methods  of  predicting  failure  in  use  today. 
The  fact  that  it  did  not  simply  reinforces  the  obvious  conclusion  that  methods 
of  failure  prediction  must  be  improved,  especially  when  used  in  conjunction 
with  modern  propellants  with  a  large  amount  of  dewetting  before  final  rupture. 

g.  Removal  of  Gages  from  Old  STVs 

At  the  onset  of  the  program  it  was  decided  to  attempt  to  remove 
some  of  the  miniature  diaphragm  gages  from  the  old  STVs  and  to  recalibrate 
them  in  accordance  with  the  latest  techniques.  Thus,  the  data  already 
measured  on  the  early  STVs  could  have  been  reinterpreted  in  the  light  of  the 
new  calibrations. 

Eventually,  after  considerable  time  and  expense,  the  sections 
of  the  STVs  containing  the  gages  were  chemically  milled  from  the  old  STVs. 

At  this  stage  it  was  still  necessary  to  trim  the  propellant  away  from  the 
gage  and  to  connect  the  broken  lead  wires  to  the  power  supply  and  output 
device.  It  was  therefore  decided  not  to  spend  any  more  time  and  effort  on 
this  particular  project.  The  work  already  performed  had  demonstrated 
the  feasibility  of  cutting  the  STVs  into  sections  by  chemical  milling  tech¬ 
niques  and  it  was  clearly  feasible  to  proceed  and  remove  the  gage  from  the 
STV  section.  The  extra  effort  in  manpower  and  cost  was  not  believed  worth¬ 
while  for  the  information  that  could  be  obtained  at  this  stage. 

h.  Microfilming  the  STV  Propellant  and  Gage  Calibration  Data 

The  Air  Force  Rocket  Propulsion  Laboratory  (AFRPL)  wished 
to  make  use  of  the  STV  propellant  data  as  the  start  of  a  physical  properties 
data  bank.  For  convenience,  the  data  were  to  be  copied  onto  microfilm  and 
filed  in  accordance  with  the  system  developed  by  Mr.  E.  R.  Frost  as  described 
in  AFRPL  Report  AFRPL-TR -69 - 177.  However,  this  storage,  filing,  and 
data  retrieval  system  was  not  entirely  satisfactory,  so  that  Mr.  Frost  was 
retained  by  LPC  to  amend  the  system  until  it  would  work  with  the  type  of 
data  available. 

The  STV  propellant  data  were  selected  by  AFRPL  for  the 
initiation  of  this  project  because  a  considerable  amount  of  work  had  been 
performed  not  only  by  LPC  during  the  STV  program  but  by  Aerojet-General 
Corporation  and  Rocketdyne,  Solid  Rocket  Division,  under  the  Cumulative 
Damage  contracts. 

Modifications  to  the  data  Btorage  and  retrieval  system  were 
carried  out  by  Mr.  Frost  and  Dr.  Leeming,  and  the  available  data  from  LPC, 
AGC,  and  NAR  were  copied  and  placed  onto  microfiche.  Details  of  the 
modified  system  are  presented  in  the  text  of  this  report. 

(The  reverse  is  blank) 
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SECTION  II 


MODIFICATIONS  TO  COMPUTER  PROGRAMS 


1.  INTRODUCTION  * 

Under  earlier  contracts  associated  with  the  Structural  Test  Vehicle 
Program,  computer  programs  were  developed  to  perform  elastic  and  visco¬ 
elastic  analysis  of  the  STVs  as  well  as  typical  solid  propellant^motors. 

These  programs  were  still  in  their  development  phase  and  not  yet  ready  for 
routine  production  work.  The  first  tasks  completed  under  the  third-year 
program  involved  updating  and  improving  the  efficiency  of  two  programs: 
THVISC,  a  program  for  transient  thermoviscoelasticity  (modified  to  THVINC) 
and  CX450,  a  program  for  isothermal  steady-state  vibration  of  viscoelastic 
solids  (modified  to  CXL450).  Included  here  are  brief  descriptions  of  these 
program  modifications.  The  programs,  along  with  descriptive  information 
for  the  user,  are  given  in  the  supplement  to  this  report. 

Another  matter  bearing  on  the  problem  of  program  efficiency  is  that 
of  characterizing  the  viscoelastic  moduli  on  the  basis  of  experimental  data. 
This  factor  is  discussed  first. 

2.  CHARACTERIZATION  OF  VISCOELASTIC  MODULI 

In  the  program  THVINC  (Thermoviscoelastic  Analysis  of  Incompres¬ 
sible  Solids),  the  shear  relaxation  modulus  is  represented  by  the  series: 

15  -t/k. 

G(t)  =  Gq  +  £  Gie  1  (1) 

i=  1 

where  are  relaxation  times,,  usually  selected  at  about  one  decade  time 
increments,  G^  are  shear  modulus  coefficients,  and  G0  is  an  equilibrium 
modulus.  During  computation,  the  solution  involves  integration  of  integral 
equations  by  a  one -step -forward  integration  algorithm  (Ref  3).  If  a  specific 
time  increment  At  is  used  in  the  integration  process,  the  solution  depends 
upon: 


-At/k . 


-At/\.- 


These  two  functions  are  plotted  in  Figure  1.  It  is  observed  that  their  effect 
is  limited  to  about  three  and  four  decades  of  time,  respectively.  Thus,  in 
equation  (1),  for  a  specific  time  step  only  four  of  the  fifteen  terms  are  used 
to  incorporate  history  effects  during  the  integration  process  (assuming  one 
decade  separation  of  the  X.^).  If  the  reduced  time  £  is  used  to  include  the 
temperature  effect  on  relaxation  rates,  then  At  must  be  replaced  by  A£  in 
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the  above;  consequently,  during  the  solution  process  a  search  must  be  made 
to  find  the  terms  to  be  used. 

Using  the  above  methods,  the  analyst  need  not  worry  that  a  large 
number  of  terms  in  the  series  will  lead  to  correspondingly  large  computa¬ 
tion  times.  Experience  has  shown  that  the  search  for  the  proper  terms  is 
insignificant  compared  with  the  actual  computations  involved  with  any  one 
term.  The  computation  behaves  as  if  only  four  terms  were  used. 

3.  MODIFICATIONS  TO  THE  THERMOVISCOELASTIC  FINITE 

ELEMENT  CODE  (THVISC) 

A  program  for  thermoviscoelastic  stress  analysis  of  solids  (THVISC) 
was  developed  during  the  first  year  of  the  STV  program  (Ref  1).  The  pro¬ 
gram  was  subsequently  modified  to  account  for  the  near -incompressibility  of 
most  propellant  characterizations.  This  program  is  referred  to  as  THVINC. 
Effort  was  expended  under  the  current  contract  to  improve  the  cost- 
effectiveness  of  the  program.  In  addition  to  the  improvement  discussed 
above,  the  program  was  extensively  restructured  to  achieve  a  more  effi¬ 
cient  use  of  taping  operations.  This  was  accomplished  by  using  the  variable 
dimensioning  feature  of  FORTRAN  and  combining  history  effects  for  groups 
of  elements  together  on  a  single  record.  By  these  means  optimal  use  of 
available  storage  space  was  achieved  for  all  problems  whether  large  or 
small;  small  problems  are  handled  in-core,  thus  eliminating  costly  tape 
operations.  In  addition,  the  program  is  adaptable  to  larger  or  smaller 
computers  by  changing  only  two  cards  that  control  the  total  amount  of 
storage  to  be  used. 

The  treatment  of  boundary  conditions  by  the  program  has  been 
restructured  to  allow  for  their  time  dependence.  The  thermal  boundary 
conditions  can  be  made  time  dependent  by  specifying  their  time  variations 
by  a  series  of  straight-line  segments.  These  time -temperature  data  are 
stored  in  a  table  and  accessed  as  required  during  the  analysis.  Several 
such  environments  can  be  stored  so  that  measured  thermal  responses  can 
be  directly  utilized  in  the  viscoelastic  analysis.  In  addition,  prescribed 
forces  and  displacements  can  be  specified  as  time  dependent  functions  in 
the  table.  Finally,  it  is  now  possible  to  change  the  convection  boundary 
condition  with  time.  Thus,  bodies  passing  from  a  cold  to  a  hot  environ¬ 
ment  can  be  accommodated. 

Using  the  data  from  Figure  115  and  Table  XXV  in  Reference  2, 
together  with  the  measured  bore  and  case  temperature  histories  shown  in 
Figure  116,  the  temperature  at  3.35  inches  of  radius  was  predicted  with 
THVINC.  The  predicted  results  coincide  with  the  measured  data  given  in 
Figure  116  of  Reference  2. 

These  improvements  allow  the  program  to  follow  imposed  tempera¬ 
ture  conditions  accurately  regardless  of  their  time  variations.  By  using 
the  actual  data  it  has  not  been  necessary  to  use  derived  heat  transfer  coeffi¬ 
cients.  Furthermore,  it  is  no  longer  necessary  to  use  the  artificially 
induced  liner  (insulator)  by  using  all  three  measurements  as  input  data  to 
the  program.  The  ability  of  the  program  to  predict  accurate  mechanical 
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response  (displacements,  strains,  and  stresses)  depends  strongly  on  the 
accuracy  of  the  computed  temperatures.  Consequently,  whenever  possible, 
measured  thermal  responses  should  be  directly  used  in  the  analysis  if  the 
best  linear  thermoviscoelastic  estimates  to  the  mechanical  response  are  to 
be  obtained. 

4.  MODIFICATIONS  TO  THE  STEADY -STATE  DYNAMIC 

VISCOELASTIC  FINITE  ELEMENT  PROGRAM 

A  program  for  the  viscoelastic  analysis  of  a  solid/shell,  CX450, 
was  also  developed  and  reported  during  the  first  year  of  the  STV  Program 
(Ref  1).  During  the  current  contract  this  program  has  been  modified  to 
improve  its  cost-effectiveness  as  well  as  its  reliability  with  a  wider  class 
of  problems.  The  significant  costs  encountered  in  using  the  program 
resulted  principally  from  two  sources:  (1)  formulation  of  the  finite  element 
matrices,  and  (2)  solution  of  the  resulting  system  of  algebraic  equations. 

The  data  input-output  constituted  a  minor  portion  of  the  overall  solution 
effort.  The  routines  involved  in  setting  up  the  algebraic  problem  have  been 
rewritten  in  a  more  efficient  format  for  copnputer  evaluation.  This  has 
been  achieved  at  the  expense  of  a  slightly  greater  storage  requirement. 

The  solution  algorithm  has  been  modified  to  allow  for  subsequent  computa¬ 
tion  of  different  forcing  functions  on  the  same  structure  without  the  necessity 
of  reformulation  and  a  complete  refactoring  of  the  algebraic  equations. 
Typical  computation  times  on  a  CDC  6400  computer  are  indicated  below  for 
a  420-element  mesh  with  465  nodal  points  (15  by  31  grid).  As  may  be 
observed  the  main  effort  is  now  concentrated  on  the  initial  solution  to  the 
algebraic  equations.  Whenever  possible  all  loading  combinations  at  a  cer¬ 
tain  frequency  Bhould  be  performed  before  proceeding  to  the  next  frequency 
(which  constitutes  a  new  problem). 

TIMING  FOR  CXL450  ON  CDC  6400  COMPUTER 


Time  (sec) 


Input  data  for  first  load  case  3.08 

Form  element  matrices  22.13 

Solve  equations  131.77 

Output  answers  for  first  load  case  15.96 

Input  data  for  second  load  case  5.07 

Solve  for  new  load  case  10.03 

Output  answers  for  second  load  case  15.98 


5.  MODIFICATIONS  TO  UNIAXIAL  THERMOVISCOELASTIC 
PROGRAM 

The  following  section  derives  a  numerical  scheme  for  evaluating 
the  hereditary  integral  equation,  which  is  fundamental  to  all  calculations 
involving  thermoviscoelastic  responses  of  linearly  viscoelastic  materials. 
Experience  with  the  analysis  code  developed  earlier  for  this  purpose  (Ref  2) 
showed  that  if  standard  computer  integration  routines  are  used,  the  calcu¬ 
lations  may  be  extremely  expensive.  The  main  reason  for  this  expense  is 
that  integration  routines  are  set  up  for  very  general  types  of  functions  and 


-14- 


teaKHUO  pmsuLnaN  company 

!  '  IflBippiippppHHP!!*1 111  . . . 


AFRPL-TR-72-29 


have  to  cover  many  different  cases.  With  most  viscoelastic  materials  of 
concern,  a  very  specific  function  and  error  analysis  may  therefore  be 
cheaper  if  tailored  to  this  special  condition. 

The  thermoviscoelastic  integral  equation  may  be  written 


<r(t) 

where  Eyel(s) 

«(s) 

T(s) 


/tErel( ARG)  A[«(fi)  -  «TU)]d$  (3) 

o  * 

the  relaxation  function  (it  may  be  given  as  numerical 
or  graphical  data) 

the  uniaxial  mechanical  strain 

the  temperature 


O’  =  the  linear  coefficient  of  thermal  expansion  (it  may 
be  a  function  of  temperature,  and  through  tempera¬ 
ture  may  depend  on  time) 


ARG 


with  a>j  the  shift  factor  as  a  function 


of  temperature. 


Consider  first  the  integral 


M fc)  =  f*  ^rel  (ARG)  d§  (4) 

o 

and  refer  to  Figure  2  where  there  are  plotted,  schematically,  the  logarithm 
of  the  relaxation  modulus  versus  the  logarithm  of  the  ARG.  It  is  desired  to 
perform  the  integration  so  that  the  total  error  does  not  exceed  a  certain 
value,  e  %. 


A  stepped  approximation  to  the  relaxation  modulus  will  be  used, 
primarily  to  keep  the  algebra  and  the  programming  unsophisticated.  (The 
advantage  of  this  does  not  become  apparent  until  later.) 

The  integral,  Equation  (4),  can  be  written 

i  =  n  rti  +  i 

Mt)  =  £  J  Erel(ARG).d|  ,  tQ  =  0,  (5) 

i=0  ti 

where,  according  to  Figure  2  the  t^  are  arguments  of  Erej(s),  which  are 
yet  to  be  defined. 

Consider  now  a  single  term  of  the  summation 

/ti  +  l 

Erel(ARG)  di 

h 


(6) 
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Figure  3.  Log  a,p  Shift  Factors  versus  Temperature. 
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If  ARG  =  constant  in  then  that  integral  is  equal  to 

E  .  (t.  ,  ,)(t.  .  ,  -  t.  .) 
rel  '  i+r'  i  +  I  i-r 

In  reality,  ARG  changes  between  t.  and  t.  .  so  that  the  integrand  varies 
between 


"'rel 


(«i> 


and  E 


rel 


<W 


but  the  error  of  substituting  the  constant  value  of  E  .  (t.  +  j)  for  the  inte 
grand  is  always  less  than  re  1 


e  = 


Erel  (‘i ) 
Er.l“i  +  1> 


(8) 


Dividing  then  the  log  Ere^  scale  into  equal  intervals  of  magnitude  e, 

(Figure  2),  the  end  points  of  these  intervals  determine  time  intervals  t^  as 
shown.  Indeed,  from  now  on  the  values  of  t^  can  be  considered  to  be  defined 
in  this  way.  Specification  of  the  integration  error,  e,  to  be  below  a  certain 
minimum,  say  2  percent,  will  fix  the  number  of  intervals  in  both  log  Ere} 
and  log  ARG.  As  a  matter  of  fact,  the  error  can  be  made  much  smaller 
than  that  specified  by  using  the  average  value  of  Ere^  in  the  interval 
tj^  ARG^t-n.  Further  refinement  can  be  introduced  by  calling  on  the 
mean  value  theorem. 


Next  the  specification  of  the  temperature  and  its  effect  on  ARG 
will  be  considered.  First  consider  the  representation  of  log  aT  as  a  func¬ 
tion  of  the  temperature  T.  In  Figure  3,  the  plot  of  log  a-j-  versus  tempera¬ 
ture  T  is  subdivided  into  segments  such  that  each  can  be  represented  well 
with  a  linear  relationship  in  that  plot,  or  such  that 

log  aT  =  A.  +  B.  T 

forT^T^T  .  (9) 

aT  =  exp  (A.  +  B.  T)  1 

Furthermore,  let  the  temperature  history  be  broken  down  into  a  sequence 
of  linear  segments  as  shown  in  Figure  4.  Note  that  the  values  of  the  Tn  in 
Figure  4  are  not  necessarily  the  same  as  those  of  the  in  Figure  3. 

In  fact,  let  the  values  of  from  Figure  3  be  interposed  between  the  Tn 
of  Figure  4  to  give  the  plot  shown  in  Figure  5. 

Now  in  any  interval,  say  t  .  and  t.,  the  temperature  is  given  by 
the  equation:  “  1 


T  =  C  •  t  +  D  (10) 

n  n 

while  a^,  is  given  in  the  same  interval  by 

aT  =  exp  (At  +  B.  T)  (9) 
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Temperature  History  with  Time  Intervals  Interposed. 
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and,  therefore,  in  any  one  time  interval  in  Figure  5,  aT  is  given  by: 


and  the  integral 


ARG  =  f 
s 


8‘  dT 
aTtT(r)] 


becomes,  in  that  interval, 

ARG  =/8exp  |"[(A.  +  DnB.)  +  B.C^jJ  dT 


(12) 


(13) 


=  exp 


■  f 1  -  axpf-  BiCn(S-S')l 


-  B.C 

i  n 


(14) 


(15) 


dr 

a^lTRI 


(16) 


{-  <Ai  +  DnBi>}  -  BiCnS 

Recalling  that  we  wished  to  evaluate  the  integral 

/  Erel  LARG(t,  £)]  *  jr  •  d£ 
o  * 

then  let  the  upper  limit  of  the  integral  be  one  of  the  times  t  or  tj  in  Figure 
5,  i.  e.  ,  a  time  determined  by  the  temperature  history  or  b*y  the  decompo¬ 
sition  of  a>j>.  Then,  automatically,  the  upper  limit  of  the  argument 

ARG(t.e)  =  /* 

i 

is  also  fixed,  het  t  be  equal  to  tn  in  Figure  5;  then  ARG(t .  £)  defined  in 
Equation  (16),  consists  of  an  integral  from  |  to  t  ,  where  £  has  to  range 
from  zero  to  tn,  according  to  Equation  (15). 

We  can  evaluate  Equation  (16)  for  those  intervals  given  by  adjacent 
time  numbers  like  and  tn  or  ti+1  and  tn+1  in  Figure  5.  That  evaluation 
is  given  by  equation  (14),  where  the  constants  A.,B.,C  ,  D  ,  are  appropri¬ 
ate  for  each  interval.  Thus,  .  l  l  n  n 

ARG(tn,  tj)  =  exp 

while, 

ARG(tl.tn.,)  =  expl- (A,1 +D  'B.')  -  B.'C  't,{  ■  ~  ^  ‘  1  -^1  (18) 


[fl-exp/B.C  (t  -t.)\) 

'  <Ai+  DnBi>  '  Bi  Vn  - W  "  1‘  ‘ 

i  in  J 


(17) 


■‘Ai’+Dn'Bi')-Bi,Cn'ti. 

1  -  exp 

B.'C'(t.-t  .)1)1 

.1  n  '  i  n  -  1  'J 

B.'C  ' 

- 

i  n  JJ 
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where  the  primes  denote  the  appropriate  constants  for  this  interval.  It 
follows  that 


ARG(tn.tn.,)  •/*“  -/‘l 
tn-l 


*  ARG^t^j)  +  ARG(tn,  tj) 


(19) 


which  is  the  sum  of  Equations  (17)  and  (18). 

This  process  can  be  continued  until  we  have  ARG(tn,  0).  It  appears 
advantageous,  therefore,  to  compute  the  arguments  ARG  for  each  of  the  sub¬ 
intervals  of  the  time  scale  in  Figure  5  and  to  store  these  numbers  in  memory. 
The  argument  of  the  relaxation  function  in  Equation  (15)  can  then  be  quickly 
calculated  by  simple  addition. 

Let  us  now  return  to  the  integration  of  Equation  (15)  and  consider 
a  re -plot  of  Figure  2  as  shown  in  Figure  6.  We  assume  that  we  know 
the  values  of  all  ARG(tn,  s),  where  s  is  any  recursive  time  number  on  the 
time  scale  in  Figure  5  that  is  less  than  tn.  Therefore  we  know,  for  example, 
the  values  of: 

ARG(tn,  ti+1) 

ARG(tn,  tt) 

ARG(tn.  tt-1) 


ARG(tn,  0) 

Let  us  denote  the  differences  between  two  successive  ARG  values 
AARG,  as  given  by 


AARO(tt,t1+1)  =  fHU  -  fc(T)J  UO) 

which,  according  to  Equation  (19), is  one  of  the  summands  of  ARG(  ). 
Thus, 


AARG(tt,ti+1)  =  ARG  (^.t^  -  ARG  (tn,ti+1)  (21) 

Suppose  we  enter  all  the  values  of  ARG(tn,  ti — ),  as  calculated 
from  the  pertinent  times  of  Figure  5  via  Equations  (19)  and  (20),  into  Figure 
6.  Associated  with  each  AARG  there  is  a  definite  time  increment  (t^+1  -t^). 


Log  Etei 
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Assume  for  the  moment  that  ARG  (tn,  t^)  and  ARG  (tn,  t*)  both  fall  inside 
the  ARG  interval  that  was  determined  in  the  beginning  so  that  in  that  interval 
the  modulus  could  be  assumed  constant  (bounded  by  tfi  and  tB+j  in  Figure  6). 
In  that  interval  bounded  by  ARG  (t„,  tj+i)  and  ARG  (t~,  tj)  the  modulus  is  con¬ 
stant  also,  therefore  the  integral  A1  (tn)  a  function  oi  tn  written  as 


‘/'X.l  [ARO(ta.t)]  d5 
^+1 

may  be  rewritten  as 

**<*„>  ■  Er.l  [ARO<tn'!i!r1L]/,i  If  dt 

4i+l 

If  dT/d£  is  also  constant  in  the  interval  t^  t  <:  t^+j,  then 


AI 


<‘n>  " 


(22) 


(23) 


(24) 


The  incremental  integral  equation  (24)  is  one  of  the  summands  in 
the  series  that  represents  the  integral  equation  (15).  The  point  to  note  is 
that  the  time  increment  (t^+j  -  t^)  is  known  because  the  incremental  argu¬ 
ment  AARG  corresponding  to  the  time  interval  fell  within  that  of  tfl  and  ts+j. 
Let  ARG  (tjj,  tj^j)  ftill  within  tB+i«t«t8+2  and  Assume  that: 


frel^s  +  l] 
Erel^s+2^ 


1  >  e 


(25) 


Then  to  stay  within  the  prescribed  error,  we  have  to  use  ts+i  as  one  time 
point  for  subdivision,  i.  e.  ,  we  have  to  write  another  incremental  integral 
equation  like  (23)  and  (24)  but  now  for  the  interval  between  ARG  (tn,  t^)  and 
tax  i.  Erei  is  still  constant  in  that  interval  and  we  may  also  assume  that 
dT/d£  is  constant,  for  the  present.  Because  tg  +  j  is  a  value  of  ARG  not 
of  a  known  time,  we  must  find  out  what  its  corresponding  value  of  time  is. 
In  other  words,  we  know  from  the  Equation  (20)  written  for  unknown  L  =  t 

and  li+ 1 s  h 


AARG(t,t.)  =  ARG  (tn,  t)  -  ARG(tn,  t.)  (26) 

Since  ta  +  j,  =  ARG  (tn,  t)  we  can  solve  for  t  by  using  Equations  (17)  or  (18). 


s  +  1 


=  exp 


T  fl  -expfB.C  (t  -t)l 

I  -  <V  DnBl>  '  BiC„‘n - W-C-— ^  ' 

L  in. 


(27) 
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We  can  assume  that  the  constants  A.  .  .  .  C  are  chosen  for  the  appropriate 
interval.  Then  we  obtain: 

*  1  -  «p[Ai+D„Bi +  Bic„'„]  <28> 

and  therefore, 

V‘  “  BX-  -  BiCn‘.+  l  «xp  {Ai+DnB, 

in  «-  ' 

+  BiV„}]  .  (29) 

This  value  is  readily  obtained  on  the  computer  provided  In  can  be  evaluated 
with  sufficient  accuracy.  We  will  have  to  include  a  test  to  see  whether  or 
not  the  argument  of  In  comes  too  close  to  unity  or  zero.  In  that  event  one 
would  be  better  off  using  the  expansion 


and  to  write 


fl-z 

.  i 

/l  -z\3  ,  1 

fl-2\8  ,  1 

Li+z 

+  3 

\l  +  z/  5 

U+z/  +  *  •  •  J 

[-£- 

+  I 

(SJf  +  i 

1-lJ  + 

L  2+Z 

+  3 

\2+Z/  5 

\2+E/  *  *  *  * 

which  converges  fast  and  efficiently. 

We  have  thus  determined  the  time  t  and  can  write  now  the  incre¬ 
mental  integral 


AI(tn>  ■  /'  Er.i[ARG(*.>'-r)  3T  d{ 

■  Erel[ARG]^|t  <trt) 


In  principle  we  now  can  calculate  all  the  incremental  integrals 
which,  when  summed,  give  the  value  of  Equation  ( 15).  We  have  defined  in 
Figure  6  all  times  that  need  to  be  considered  in  the  subdivision  of  either 
th^ temperature  history,  Figure  5,  or  the  accurate  integration  of  E„ej, 
Figures  2  or  6. 

If  simultaneous  straining  and  cooling  occur,  we  divide  the  strain 
and  temperature  history  into  the  same  time  divisions,  i.  e.  ,  we  treat 
«  -«T  now  as  we  have  treated  T  before. 

The  effects  of  preprogramming!  the  thermoviscoelastic  integral 
equations  with  such  care  have  been  to  produce  a  tremendous  saving  in  the 
running  time  of  the  program.  Furthermore,  this  is  the  same  program  that 
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is  readily  adaptable  for  interpreting  gage  output  data  as  discussed  in  a  latex 
section  of  this  report.  When  the  gage  problems  were  run  on  the  computer 
during  last  year's  work,  the  problems  ran  for  a  considerable  time  and  cost 
approximately  $70.00  per  point.  The  same  problems  rerun  with  the  modi¬ 
fied  program  took  only  minutes  to  run  at  a  cost  of  only  a  few  dollars  for  all 
six  values  required. 
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SECTION  m 

NORMAL  DIAPHRAGM  STRESS  GAGE:  CALIBRATION  AND  RESPONSE 

WITH  STATIC  LOADS 


1.  INTRODUCTION  TO  PROBLEM 

This  $*ction  of  the  report  is  concerned  with  the  miniature  diaphragm 
gage  employe  in  a  propellant  grain  to  measure  the  normal  stress  at  the 
case-grain  tat^rface  or  within  the  propellant  grain  itself.  The  earlier  final 
STV  reports,  References  1  and  2,  presented  detailed  descriptions  of  the 
various  types  of  gage  developed  for  this  work,  together  with  a  certain  amount 
of  analytical  work  showing  how  the  gage  should  respond  in  an  idealized 
environment. 

Emphasis  during  the  third  year  of  the  STV  program  has  been  re¬ 
moved  from  the  purely  practical  aspects  of  using  the  gages  in  STVs  and  has 
been  placed  on  determining  a  better  understanding  of  the  gage  behavior  under 
calibration  conditions  in  uniaxial  test  fixtures.  Although  this  approach  is 
certainly  not  as  dramatic  or  inspiring  as  the  testing  of  new  STV  designs,  it 
was  high  time  that  the  complete  calibration  procedure  was  examined  in  detail. 
Only  by  a  careful  and  meticulous  approach  could  the  problem  areas  be  re¬ 
solved  and  the  doubts  associated  with  the  use  of  stress  gages  in  STVs  be  laid 
to  rest. 


Professor  Pister  has  frequently  referred  to  the  calibration  of  a  gage 
as  something  more  than  merely  embedding  the  device  within  some  type  of 
test  fixture  and  proceeding  to  apply  a  series  of  load  increments.  It  involves 
in  general  a  complete  analysis  of  the  gage,  the  test  fixture,  and  the  pro¬ 
pellant,  and  not  until  a  complete  reconciliation  of  the  analytical  and  the  ex¬ 
perimental  work  across  the  whole  environmental  spectrum  to  which  the  gage 
may  be  subjected  has  been  achieved,  can  the  calibration  procedure  be  con¬ 
sidered  complete. 

It  is  obviously  unnecessary  to  perform  such  a  comprehensive  cali¬ 
bration  procedure  very  often,  but  until  it  has  been  performed  at  least  once, 
doubts  as  to  the  veracity  of  the  gage  data  must  exist. 

It  is  the  purpose  of  this  section  of  the  report  to  demonstrate  the 
results  of  a  comprehensive  calibration  of  the  miniature  diaphragm  gage 
embedded  with  a  uniaxial  test  fixture. 

2.  CALIBRATION  APPARATUS  AND  TECHNIQUES 
a.  Uniaxial  Test  Fixture 

Figure  7  shows  a  sketch  of  the  type  of  uniaxial  test  fixture  that 
was  developed  at  LPC  for  the  calibration  of  the  miniature  diaphragm  gages. 
Usually,  the  gages  are  bonded  to  the  end  pieces  of  the  fixture  and  these  may 
be  made  of  different  materials,  if  required,  so  that  the  performance  of  the 
gage  may  be  examined  in  conjunction  with  different  case  materials. 
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Figure  7.  Uniaxial  Test  Fixture  for  Gage  Calibration. 
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A  third  gage  was  embedded  at  the  center  of  the  propellant 
specimen  to  evaluate  the  performance  of  the  gage  when  removed  from  close 
proximity  to  the  case. 

Screw-in  end  connections  are  employed  with  the  calibration 
fixture  so  that  different  types  may  be  used  for  tension  or  compression  testing. 
The  sketch  shows  the  type  of  end  fittings  used  for  compression  tests. 

The  uniaxial  test  specimen  is  made  at  LPC  with  a  diameter 
between  1.5  and  2.0  inches,  and  a  length  between  4.0  and  6.0  inches.  The 
important  thing  is  not  the  absolute  specimen  size  but  its  size  relative  to  the 
gage  size.  The  diameter  must  be  at  least  four  times  the  diameter  of  the  gage 
itself  so  that  the  gage  does  not  "know"  that  the  specimen  has  finite  dimen¬ 
sions.  The  minimum  length  of  the  specimen  will  be  such  that  the  end  effects 
of  the  two  end  pieces  do  not  interfere  with  each  other.  A  minimum  length 
equal  to  the  diameter  will  be  sufficient  to  ensure  that  this  condition  is  met. 

It  should  be  noted  that  a  poker  chip  type  of  specimen  is  not  a  good  vehicle  for 
calibrating  gages.  The  compliance  of  the  gage  will  seriously  interfere  with 
the  stress  distribution  throughout  the  poker  chip  and,  of  course,  the  gage  will 
not  be  subjected  to  a  simple  stress  field. 

b.  Test  Setup  for  Tensile  and  Compression  Testing 

The  initial  test  procedures  employed  with  the  gage  test  fixtures 
closely  resembled  those  used  for  the  testing  of  propellant  specimens.  During 
the  third  year  of  the  program,  however,  it  was  found  that  a  more  elaborate 
test  procedure  was  necessary  to  make  sure  of  obtaining  accurate  calibration 
data. 


Data  scatter  obtained  in  a  series  of  creep  tests  on  the  uniaxial 
tesi  fixture  le-d  to  an  investigation  of  its  causes.  It  appeared  that  the  scatter 
was  associated  with  the  initial  zero  reading  of  the  gage  before  a  load  is 
ippliec  to  tue  specimen.  Because  we  are  concerned  with  changes  in  gage 
signal  caused  >y  tie  change  in  stress,  the  gage  signals  measured  during  the 
lading  phat.®  converted  to  output  signal  changes  from  the  zero  gage 
reading  (prior  ,u  iuadxng;.  Therefore,  an  error  in  the  gage  zero  load  reading 
w  11  cause  al  gage  slgfPAl  change  values  to  be  incorrect  and  will  produce 

or  ore  in  the  ga-g*  sensitivity  values. 

"n*-  initial  gage  zero  reading  may  be  greatly  influenced  by 
handling  during  the  test  se-tup  procedure,  especially  at  the  lower  tempera¬ 
tures.  For  instance,  if  a  test  is  begun  and  then  stopped,  the  gage  zero 
reading  wlH  have  changed  and,  if  a  new  test  is  begun  within  a  short  time 
interval,  Vhn  measured  signal  changes  will  be  incorrect.  This  is  because  a 
viscoelastic  material  has  a  memory  for  earlier  events,  and  a  gage  embedded 
within  a  viscoelastic  material  "remembers"  earlier  loading  histories. 

The  solution  to  this  problem  is  to  perform  the  calibration  tests 
in  such  a  manner  as  to  minimize  the  effects  of  earlier  tests.  Thus,  the 
single-step  tests  performed  as  routine  calibration  procedures  are  inadequate, 
and  multi-step  loading  tests  are  required.  Further,  it  is  recommended  that 
alternating  tensile  and  compressive  loads  be  applied  to  the  specimen,  as 
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shown  in  Figure  8.  The  anticipated  gage  readings  from  such  a  test  sequence 
are  also  shown  in  this  figure. 

Figure  9  shows  a  sketch  of  the  simple  apparatus  developed  for 
applying  alternating  tensile  and  compressive  loads  to  a  uniaxial  test  speci¬ 
men.  The  load  application  is  controlled  by  means  of  the  crosshead  of  the 
testing  machine;  movement  in  an  upwards  direction  causes  a  compressive 
load  {W2)  to  be  applied,  whereas  movement  of  the  crosshead  downward  from 
the  unloaded  position  causes  tne  tensile  load  (Wt)  to  be  applied. 

A  minor  problem  with  this  apparatus  is  the  existence  of  two 
different  zero  load  conditions.  One  is  the  tensile  zero  load  condition  and  the 
other  is  the  compressive  zero  load  condition.  These  two  zero  load  conditions 
are  illustrated  in  Figure  10,  wherein  it  will  be  noted  the  real  zero  load  on  a 
gage  depends  on  its  location  in  the  test  fixture.  However,  once  this  fact  is 
appreciated,  there  is  no  further  problem  in  dealing  with  the  calibration  data. 
Changing  between  the  tensile  zero  load  condition  and  the  compressive  zero 
load  condition  has  to  be  treated  like  any  other  step  change  in  load  with  a 
sufficient  time  interval  in  between  to  allow  near -equilibrium  to  be  attained. 

Figure  11  shows  typical  data  obtained  from  a  series  of  tension 
and  compression  tests  on  the  uniaxial  inert  propellant  test  specimen  contain¬ 
ing  three  150-psi  gages.  The  repeatability  of  the  data  is  excellent  and  there 
is  no  doubt  as  to  the  proper  location  of  either  of  the  two  zero  load  conditions. 
Another  interesting  aspect  of  the  data  of  Figure  1 1  is  the  performance  of 
gage  No.  20,  which  is  located  in  the  middle  of  the  propellant.  It  performed 
very  well  indeed  and  there  seemed  to  be  no  particular  problems  associated 
with  the  use  of  a  diaphragm  gage  removed  from  an  interface.  At  a  later 
stage  in  the  testing,  the  lead  wires  to  this  gage  became  broken  and  could  not 
be  repaired,  but  up  to  this  time  the  gage  performed  in  a  manner  identical  to 
that  of  the  other  two  gages  located  at  the  endB. 

c.  Apparatus  for  Pressure  and  Complex  Loads  Calibration 

In  addition  to  the  uniaxial  tension  and  compression  testing  of 
the  test  fixture,  it  was  necessary  to  calibrate  the  device  with  hydrostatic 
pressure.  The  apparatus  sketched  in  Figure  12  was  developed  for  this  pur¬ 
pose.  It  consists  of  a  pressure  cylinder,  7.0  inches  in  diameter,  into  which 
the  test  fixture  is  placed,  and  it  is  attached  to  a  load  cell  that  is  firmly 
mounted  to  the  top  end  closure  of  the  cylinder.  The  gage  lead  wires  and 
other  electrical  wiring  are  taken  out  through  a  sealed  plug  in  the  upper  end 
cap. 


For  simple  pressure  testing  of  the  test  fixture,  the  unit  is 
mounted  inside  the  pressure  cell  and  the  bottom  cap  is  screwed  in  place. 
Nitrogen  gas  pressure  may  then  be  applied  to  the  cylinder  and  the  output 
signals  from  the  gages  can  be  monitored. 

This  apparatus  may  also  be  used  for  the  application  of  uniaxial 
loads,  tension  or  compression,  in  addition  to  the  pressure  loading.  By  this 
means  the  performance  of  the  gages  in  a  complex  stress  field  can  be  examined. 
The  load  cell  and  the  displacement  LVDT  are  used  for  these  complex  load  tests. 
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b.  Gage  Reading  versus  Time  for  Alternating  Tension, 
Compression  Loading  Sequence 


Figure  8  Alternating  Tensile  and  Compressive  Loading  and 
Anticipated  Gage  Response. 
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Figure  9.  Apparatus  for  Application  of  Alternating  Tensile  and 
Compressive  Loads  to  Uniaxial  Test  Fixture. 
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TENSILE  'ZERO  LOAD' 


COMPRESSIVE  'ZERO  LOAD' 


Figure  10.  Tensile  and  Compressive  Zero  Load  Conditions. 
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Figure  11.  Uniaxial  Test  Fixture  No.  2:  Alternating  Tension  and  Compression  Data. 
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Figure  12.  Apparatus  for  Pressure  and  Complex  Loading  of 
Uniaxial  Test  Fixture. 
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3.  GAGE  CALIBRATION  ANALYSES  FOR  STATIC  LOADS 

a.  Review  of  Elastic  Calibration  for  Static  Loading 

The  principles  of  gage  calibration  were  discussed  previously  in 
References  1  and  2.  It  was  pointed  out  there  that  calibration  of  a  gaged  depends  on 
the  ability  to  perform  analysis  of  the  gage  fixture  used  for  calib  'ation.  The 
purpose  of  such  analysis  is  to  determine  the  effect  of  the  gage  on  the  existing 
stress  field  as  well  as  to  determine  calibration  functions  for  the  gage.  The 
analysis  of  the  test  fixture  involves  the  solution  of  an  initial  boundary  value 
problem  for  which  it  is  necessary  to  know  the  material  properties,  geometry, 
and  prescribed  loads.  The  initial  conditions  of  the  fixture  are  normally 
taken  as  the  conditions  existing  at  the  initiation  of  testing  and  in  themselves 
are'  often  difficult  or  impossible  to  evaluate.  The  manufacturing  process  and 
assembly  of  the  fixture  may  introduce  conditions  that  cannot  be  evaluated. 

Care  must  be  taken  to  keep  these  unknown  factors  at  a  minimum  if  reliable 
calibrations  are  to  be  obtained  from  experiments  and  analysis. 

In  Reference  2,  analyses  of  the  uniaxial  calibration  apparatus 
were  undertaken  with  an  assumed  linear  elastic  behavior  of  an  initially  un¬ 
disturbed  system.  The  analysis  considered  both  incompressible  ( t'  =  0.5) 
and  nearly  incompressible  (  V  =  0.49)  properties  for  the  propellant  and 
analyzed  a  range  of  extensional  moduli,  Ep,  between  200  and  1000  psi.  Only 
static  loadings  were  considered.  In  the  third  year  of  work,  those  analyses 
were  extended  to  cover  both  linear  elastic  and  linear  viscoelastic  charac¬ 
terizations  of  the  propellant.  In  addition,  both  dynamic  and  quasi- static 
loading  conditions  were  considered.  Because  of  the  complexity  of  the  initial¬ 
boundary  value  problem  for  the  test  fixture,  it  was  necessary  to  use  numeri¬ 
cal  methods  for  their  solution.  The  methods  used  here  consist  of  a  set  of 
finite  element  programs  (two  of  which  are  THVINC  and  CXL450,  discussed 
earlier),  which  can  treat  complex  two-  and  three-dimensional  problems. 

These  programs  are  in  themselves  approximate  methods  of  limited  storage 
capacity,  and  it  is  therefore  necessary  to  use  less  accurate  modeling  of  the 
fixture  as  the  complexity  of  the  problem  increases.  Consequently,  it  has  not 
been  possible  in  all  analyses  to  provide  explicit  data  for  use  in  calibration. 

It  has,  however,  been  possible  to  indicate  whether  or  not  calibration  analyses 
are  feasible. 

b.  Additional  Static  Analyses  of  the  150 -psi  Diaphragm  Gage 

A  continuation  of  the  static  analysis  of  the  150-psi  diaphragm 
gage  embedded  within  the  calibration  test  fixture  has  been  completed.  The 
propellant  was  represented  as  a  linear,  isotropic,  incompressible  elastic 
solid,  and  studies  were  undertaken  to  ascertain  the  effect  of  varying  the  pro¬ 
pellant  extensional  modulus  (Ep)  over  the  range  of  50  to  15,000  psi.  The 
analyses  were  performed  using  the  ANL  800  computer  code,  which  employs 
standard  finite  element  procedures.  The  finite  element  idealization  used  in 
these  analyses  is  identical  to  that  used  earlier,  and  is  shown  in  Figure  13. 

Numerical  results  for  axial  and  hydrostatic  loading  conditions 
are  depicted  in  Figures  14  through  17.  Figures  14  and  15  illustrate  the 
normal  pressure  distribution  across  the  radial  dimension  of  the  gage.  The 
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Figure  13.  Finite  Element  Idealization  of  Gage  Neighborhood. 
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Figure  15.  150-psi  Diaphragm  Gage  in  Uniaxial  Fixture  under 

Hydrostatic  Load. 
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results  indicate  a  greater  sensitivity  of  the  pressure  distribution  (with 
respect  to  modulus)  than  previously  expected  from  analyses  carried  out  over 
a  more  narrow  range  of  moduli  (100  to  1000  psi).  Furthermore,  the  ratio  of 
maximum  (or  average)  pressure  on  the  gage  with  respect  to  applied  stress  is 
very  sensitive  to  changes  in  propellant  modulus.  Finally,  the  gage  inter¬ 
ference  problem  is  much  more  important  for  the  high  Ep  range.  These 
curves  are  essential  to  the  interpretation  of  gage  output  signals  to  make  con¬ 
versions  to  "stress  at  gage"  in  motor  applications.  These  comments  apply 
both  to  uniaxial  and  hydrostatic  loading  of  the  test  fixture. 

In  Figure  16  the  gage  rotation  (6)  at  the  radial  distance  0.0255 
inch,  i.  e.  ,  at  the  end  of  the  strain  gage  on  the  diaphragm,  which  also  corre¬ 
sponds  to  the  gage  output  signal,  is  plotted  over  the  spectrum  of  Ep  values. 
Figure  17  shows  the  gage  rotation  at  the  same  location  normalized  by  inner 
element  normal  pressures  from  Figures  14  and  15,  and  plotted  over  the 
range  of  Ep  values. 

The  data  in  Figures  16  and  17  reveal  several  interesting 
aspects  of  the  gage  performance.  First,  the  data  show  conclusively  that 
there  is  a  difference  in  the  sensitivity  of  the  gage  to  a  uniaxial  stress  and  to 
a  hydrostatic  stress.  This  difference  was  noted  in  last  year's  analysis,  but 
the  more  extensive  data  presented  here  reveal  that  the  difference  in  sensi¬ 
tivity  is  constant  over  the  whole  range  of  Ep  values  and  does  not  change,  as 
was  considered  possible,  with  the  propellant  properties.  The  data  predict 
the  gage-in-propellant  to  be  more  sensitive  to  hydrostatic  loads  than  to  uni¬ 
axial  loads  by  a  factor  of  1.111:1. 

The  second  significant  aspect  of  the  analytical  data  is  the  linear 
form  of  the  relationship  between  the  gage  sensitivity  and  the  propellant 
modulus.  Thus,  Figure  16  shows  that  the  gage  sensitivity  to  the  applied 
stress  (<r0)  decreases  linearly  with  increasing  propellant  modulus,  and  may 
therefore  be  represented  by  means  of  the  equation 

e/cr  =  A  -  B.E  (34) 

P  P 

for  uniaxial  loads,  and 

0/a  p  =  K  (A  -  B.E  )  (35) 

for  hydrostatic  loads.  A,  B,  and  K  are  constants  with  values  of 

A  =  1.116 

B  =  1.44  x  10'5 

K  =  1.111 

This  format  represents  the  way  in  which  the  experimentalist 
will  observe  gage  behavior.  Thus,  gage  sensitivity  to  applied  stress  in  the 
test  fixture  will  decrease  as  the  modulus  of  the  propellant  increases. 
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Figure  17,  however,  shows  another  aspect  of  gage  sensitivity 
as  a  function  of  propellant  modulus.  It  will  be  noted  that  when  gage  output  is 
expressed  as  a  function  of  the  average  normal  stress  over  the  gage,  the  gage 
sensitivity  increases  with  increasing  propellant  modulus.  Again  the  relation¬ 
ship  is  linear  and  may  be  expressed  by  the  equation 

e/<r  =  a  +  b.E  (36) 

P  P 

where  now  b  is  a  constant  for  both  the  hydrostatic  and  the  axial  loading  cases, 
but  a  varies  with  the  type  of  loading.  The  values  of  these  factors  are:  a  = 
1.22  for  axial  loads  and  1.24  for  hydrostatic  loads  and  b  =  0.8  x  10”5. 

c.  Viscoelastic  Calibration,  Quasi-Static  Loading 

The  basic  concepts  involved  in  calibration  of  a  diaphragm  gage 
embedded  in  a  linear  viscoelastic  solid  are  briefly  discussed  in  Reference  2. 
The  test  fixture  input  is  now  a  time- dependent  stress  or  strain;  the  resulting 
normal  stress  distribution  on  the  gage  diaphragm  is  both  time-  and  space- 
dependent.  Parameters  affecting  the  dependence  are,  E(t),  v(t),  for  the  pro¬ 
pellant  and  Eg,  v  g,  for  the  gage.  Just  as  in  elastic  calibration,  once  the 
normal  stress  distribution  on  the  gage  is  known,  the  voltage  output  is  merely 
a  coefficient  multiplied  by  the  average  normal  stress  on  the  gage. 

When  this  distribution  is  time-dependent,  the  coefficient  is  also 
time -dependent.  This  is  the  core  of  the  calibration  problem.  To  put  these 
ideas  in  quantitative  terms,  the  solution  of  the  viscoelastic  quasi- static 
boundary  value  problem  can  be  put  in  the  form 

<r  (r,  t)  =  /  k  (r,  t-x)~.dT  (37) 

p  o 


where  <Tp  is  the  normal  stress  on  the  gage,  <r  (t)  is  the  test  fixture  applied 
stress  history,  and  k  is  an  influence  function  for  the  problem.  In  actuality, 
k  depends  on  the  factors  described  above,  i.  e. 


k  =  f  [r,  Eg,  E  (t),  v(t),  vg] 


In  the  sequel  we  assume  v  (t)  =  V2,  fix  the  values  of  v  ,  E  , 

and  express  Equation  (38)  as:  ®  ® 


k  =  f  f  r,  E  (t)  J  =  k  r.t  j 
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We  can  also  define  an  average  normal  stress  over  the  gage, 


«■  «  (4)  =  ~T  /  o-p  (r,  t)  .  2  TT  r. 


it  a 


dr 


■  ■?  dT' 

o  Lo 

=  /'*«- r)  j*  ■  dr 


r.dr 


(40) 


where  we  have  defined  a  gage  transfer  (calibration)  function 


K  (t  -  t)  =  2/a2  J  k  (r,  t  -  t)  r.dr  (41) 

o 

The  purpose  of  the  following  numerical  analysis  is  to  evaluate 
this  transfer  function  K  (t)  for  uniaxial  and  hydrostatic  loading  cases.  First, 
it  is  convenient  to  note  that  when  cr  =  cr Q  H  (t),  corresponding  to  a  step 
pressure  input, 


^  =  K(t)  (. 

o 

This  ratio  is  shown  for  both  axial  and  hydrostatic  loading  in  Figure  17; 
details  are  discussed  at  the  end  of  this  section. 


It  is  also  possible  to  define  a  gage  transfer  function  based  on 
prescribed  strain  nistory  in  the  test  fixture.  Analogous  to  Equation  (40)  we 
have: 


where 


above, 


(T 

P 


(t)  = 


M  (4  -  T)  ^  •  dT 


(43) 


If 


M  (t  -  t  )  =  2/a 2  J  m  (r,  t  -  t)  r.dr.  (44) 

o 

a  step  function  strain  input  €  (t)  =  cQH  (t)  is  substituted  in  the 


cr  p  (*)  =  M  (t)  [  o  (45) 

Equations  (42)  and  (45)  defining  gage  calibration  functions  K  (t), 
M  (t)  can  be  related  by  taking  the  Laplace  transforms  of  Equations  (42)  and 
(45)  and  equating: 


K*<r*  =  M*«* 


(46) 
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But,  <r*,  «  *  are  related  by  the  viscoelastic  constitutive  equation 

<r*  =  pE*«*  =  — r  (47) 

where  J  (t)  is  the  uniaxial  creep  compliance  corresponding  to  relaxation 
modulus  E  (t).  Substitution  of  Equation  (47)  into  (46)  gives  the  alternative 
forms 


M(t)  =  /  K(t-T)f£.dT 

0 1  (48) 
K  (t)  =  /  M(t-T)  —  .dT 
o 


This  determines  the  relation  between  calibration  functions  cor¬ 
responding  to  arbitrary  input  histories  in  the  calibration  experiments.  When 
step  function  inputs  are  used  in  both  creep  and  relaxation  experiments, 
Equations  (42)  and  (45)  can  be  related  by  substituting  <r  =  «  E  (t)  into  (45) 
and  comparing: 


For  Stress  Input 


For  Strain  Input 


o-p(t) 


or 


o 


K  (t) 


(49) 


In  order  to  determine  the  calibration  functions  K  (t),  M  (t), 
defined  above,  quasi- static  viscoelastic  numerical  analyses  of  the  calibra¬ 
tion  fixture  were  conducted  using  the  THVINC  computer  code  discussed 
earlier  in  this  report.  Because  of  size  limitations  of  THVINC,  the  finite 
element  discretization  used  in  the  static  analyses  (Figure  13)  could  not  be 
successfully  handled.  Instead,  the  coarser  model  shown  in  Figure  18  was 
used. 


THVINC  does  not  contain  a  shell  element;  thus,  a  simulation 
with  elastic  continuum  elements  had  to  be  employed  to  model  the  diaphragm. 
As  shown  in  Figure  18,  three  continuum  elements,  with  the  indicated 
boundary  conditions,  were  used  for  this  purpose.  A  Poisson's  ratio  of  0.3 
was  selected  and  the  shear  modulus  was  calculated  by  matching  z-deflections 
of  the  circled  node  in  Figure  18  with  that  of  the  150-psi  diaphragm  gage, 
when  both  were  subjected  to  uniform  transverse  pressure.  The  shoulder 
area  was  assumed  rigid  in  this  simulation.  Thermal  properties  of  the  three 
"gage"  elements  were  assumed  identical  to  those  of  the  propellant,  following 
indications  from  previous  work  discussed  in  Reference  1. 

The  following  material  properties  were  used  for  the  propellant: 

Density  (lb/in.3)  0.064 

Thermal  conductivity  (Btu/min-in.  -°F)  2.7  x  10  * 
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f 


Specific  heat  (Btu/lb-°F) 

Coefficient  of  thermal  expansion  (in.  /in.  -°F) 

Poisson's  ratio  0.5  I 

The  shear  moduli  G  ,  G.  and  the  relaxation  time  p  .  defined  I 

through  the  relation  1  j 

G  (|)  =  G  +  .2  G  exp  (-4/p 

o  1=i  1  1 

(where  G  is  the  viscoelastic  shear  modulus)  are  given  in  Table  I. 

Four  analyses  were  performed.  The  first  three  were  strictly 
mechanical,  in  which  the  specimen  was  subjected  to  uniform  uniaxial  stress,  t 

uniform  uniaxial  displacement,  and  hydrostatic  stress.  Normal  stresses 
above  the  gage  for  the  uniaxial  load  condition  were  virtually  identical  to 
those  obtained  from  the  uniaxial  displacement  analysis  after  normalizing  by 
the  average  z- stress  at  z  =  1.4  inches.  Results,  with  the  three  elements 
over  the  gage  averaged,  are  presented  in  Figure  19.  It  will  be  noted  that  the 
curves  K(t)  for  uniaxial  and  hydrostatic  leading  are  virtually  identical  except 
for  a  vertical  shift  which  corresponds  to  the  difference  between  the  ratios  of 
applied  stress  and  stress  at  the  gage  diaphragm  in  the  two  loading  cases. 

(This  was  noted  previously  for  elastic  calibration.) 

Calibration  analyses  were  repeated  for  a  prescribed  displace¬ 
ment  input,  corresponding  to  Equations  (45)  and  (49).  The  numerical  results 
indicated  that  for  those  test  conditions, 

(50) 

i.  e.  ,  a  simple  relation  approximating  the  solution  of  the  integral  equations 
(48)  is  obtained. 

Finally,  it  should  be  noted  that  the  calibration  curves  can  be 
used  for  a  range  of  temperatures  by  using  the  thermorheologically  simple 
shift  postulate. 

The  analytical  result  given  in  Equation  (50)  is  particularly 
important  when  considering  the  inversion  of  the  gage  calibration  data  in 
order  to  determine  the  stress  value  from  the  gage  output  signal.  This 
problem  is  dealt  with  in  the  next  section  of  this  report. 

d.  Interpretation  of  Gage  Output  Data  1 

The  basic  integral  equation  for  interpreting  gage  output  data  as 
stress  or  strain  was  discussed  in  last  year's  final  report.  Reference  2 


0.249 
5.67  x  10"5 


( 


-45- 


OMJLStON  COMPANY 


AFRPL-TR-72-29 


TABLE  I 

SHEAR  RELAXATION  AND  SHIFT 
FACTOR  DATA  FOR  STV  PROPELLANT 

G  =  66.67  psi 
o  r 


i 

Gi  (psi) 

p.  (min 

1 

663.  10 

10  *12 

2 

637.20 

10  "n 

3 

579.90 

10-1° 

4 

5  24 . 6  0 

10~9 

5 

471.30 

10‘8 

6 

420.00 

10"7 

7 

370.70 

10'6 

8 

323.40 

10‘5 

9 

278.  10 

10'4 

10 

234.70 

lO'3 

1  1 

193.40 

10'2 

12 

154.00 

10  -1 

13 

1  16.62 

1 

14 

81.23 

10 

15 

47.83 

102 

The  following  log  shift  factor  data  versus  temperature  were  used: 


Temperature 

_ l°n _ 

-80 
-60 
-40 
-  20 
0 

20 

40 

70 

100 

130 

160 


Log  0 

Shift  F actor 

-8.6 
-7.3 
-5.8 
-4.0 
-3.  0 

-Z.o 

-1.0 

0 

1.0 

2.0 

3.0 
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Simulated  150-psi  Diaphragm  Gage  in  Uniaxial  Calibration  Fixture,  Gage  Transfer 
Functions  versus  Log  Reduced  Time. 
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A  gage  transfer  function  relating  the  gage  output  S  (t)  for  a  step 
stress  input  <r  was  defined  as: 

^  (t)  =  (mv/psi)  (51) 

To  interpret  the  gage  output  data,  the  inversion  of  the  Laplace  transforms  of 
Equation  (51)  is  required.  However,  the  analytical  results  presented  above 
show  that  there  will  be  very  little  error  in  simply  inverting  the  expression 
for  ^  (t)  to  obtain  the  required  transfer  function  4>(t),  where  this  is  defined 
by  the  equation 


4>(t)  =  -^  (52) 

o 

which  may  therefore  be  approximated  by  the  reciprocal  of  ^(^)>  e>  > 

*(t)  -  1/*  (t)*  (53) 

The  applied  stress  producing  the  gage  signal  may  then  be  deter¬ 
mined  from  the  output  signal  by  means  of  the  equation 

<r(t)  =  f  <t>  (t  -  t)  ,  dT  (54) 

o 

It  remains  to  show  the  relationship  between  the  gage  transfer 
functions  4>(t)  and  ^(t)  and  the  analytical  transfer  functions  derived  earlier 
in  this  section. 

Clearly,  the  gage  output  signal  S  is  a  direct  function  of  the 
diaphragm  rotation  B  and  this  may  be  written  as 

S  =  q.6  (55) 

where  q  is  a  constant  involving  such  factors  as  the  gage  resistance,  bridge 

voltage,  and  3train  gage  factor,  as  well  as  some  geometric  terms. 

Equations  (34)  and  (35)  present  the  relationship  between  the 
diaphragm  rotation  and  the  propellant  modulus  for  a  gage  embedded  within 
an  elastic  material: 

e/<r  =  A  -  B.E 

o  p 

or 

e/o-  =  K  (A  -  B.E  ) 
o  '  py 

for  axial  loading  and  hydrostatic  loading,  respectively. 
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These  equations  may  be  extended  to  the  problem  of  a  gage  in  a 
viscoelastic  material  as  follows: 

e  (t)/«ro  =  k[a  -  B.rp(t)]  (56) 

where  K  may  be  taken  as  unity  for  the  axial  load  case. 

Substituting  from  Equation  (55)  for  0  (t)  in  terms  of  S  (t),  we 

obtain 

S  (t)/«rQ  =  q.K  [A  -  B.Ep  (t)]  (57) 

and  clearly,  by  definition 

s  ( ^  /  o'  0  =  4*(t) 

therefore 

+  (t)  =  q.K  [A  -  B.Ep  (t)] 

and  the  approximate  equation  for  0  (t)  is  as  follows: 

=  q.K  [A-  B.Ep  (t)]  (58) 

4.  EXPERIMENTAL  CREEP  AND  PRESSURE  DATA  AND 
COMPARISON  WITH  ANALYSIS 

a.  Experimental  Creep  Data 

A  series  of  constant  load  creep  tests  was  performed  on  the 
inert  propellant  uniaxial  test  specimen  containing  the  three  150-psi  diaphragm 
gages  for  normal  stress  measurement.  The  alternating  tension-compression 
test  apparatus  described  earlier  and  shown  in  Figure  9  was  used  and  results 
typified  by  those  given  in  Figure  11  were  obtained. 

The  tensile  gage  sensitivity  data  for  Gage  No.  10  are  presented 
in  Figure  20  against  reduced  time,  log  (t/a-p).  Note  that  the  compression 
data  are  very  similar  but  are  not  shown  for  clarity. 

Examination  of  the  cv  ves  of  Figure  20  reveals  the  following 

facts: 


•  The  150-psi  normal  stress  gage  shows  variation  in 
response  with  time  for  temperatures  between  140 
and  - 32°F, 

•  The  various  response  curves  obtained  at  the  different 
temperatures  do  not  shift  horizontally,  i.  e.  ,  along 
the  log  time  axis,  to  produce  a  smooth  single  curve. 
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•  A  vertical  shift  is  required  to  align  all  the  curves 
for  each  gage  into  a  single  response  curve. 

The  suggestion  that  a  vertical  shift  factor  was  required  to 
obtain  a  smooth  reduced  variable  curve  is  not  new.  During  the  examination 
of  data  from  the  25-psi  gage  embedded  in  STV  propellant  (discussed  in 
Report  966-P-5,  Reference  3),  it  was  shown  that,  in  addition  to  the  normal 
log  a-p  shift  factor,  a  vertical  shift  factor  was  required  to  produce  a  smooth 
data  curve. 


Thus,  the  need  for  a  vertical  shift  factor  had  been  apparent 
without  any  clear  indication  as  to  why  it  was  necessary.  The  25-psi  gage 
showed  distinct  changes  in  response  with  temperature,  necessitating  the  use 
of  a  log  a  horizontal  shift,  and  it  appeared  that  a  simple  alternative  to  the 
use  of  an  additional  vertical  shift  was  to  use  slightly  different  log  a-p  values 
so  as  to  produce  a  smooth,  continuous  response  curve.  This  was  in  fact 
done  to  the  response  data  for  the  25-psi  gage  presented  in  last  year's  final 
report  (966-F).  However,  the  data  fi  om  the  150-psi  gages,  which  are 
almost  completely  time -independent,  cannot  be  made  into  a  smooth  continu¬ 
ous  curve  by  the  use  of  different  log  ap  values;  a  vertical  shift  log  b^  must 
be  employed. 

Once  the  fact  is  established  that  the  magnitude  of  the  gage 
response  varies  with  temperature,  the  causes  of  this  variation  are  not 
difficult  to  find.  Two  major  contributors  for  semiconductor-type  resistance 
strain  gage  systems  are: 

•  The  variation  in  gage  resistance  with  temperature 

•  The  variation  in  "gage  factor"  (i.  e.  ,  the  change  in 
gage  resistance  for  a  given  change  in  applied  strain) 
with  temperature 

Both  of  these  effects  are  significant  and,  although  they  can  be 
minimized  by  careful  circuit  design,  they  cannot  be  eliminated  completely. 
Furthermore,  the  variation  in  gage  sensivitity  with  temperature  will  be 
different  for  each  gage,  and  therefore  there  need  be  no  similarity  in  the 
vertical  shift  factor  curves  for  similar  types  of  gage. 

An  important  aspect  of  the  causes  of  change  in  gage  response 
discussed  above  is  that  they  are  dependent  simply  upon  temperature  alone. 
From  an  analytical  viewpoint  this  is  important  because  the  equation 

Gage  response  y  (t)  =  function  (t/aT)  (58) 

for  a  gage  with  no  vertical  shift  required,  becomes  simply 

Gage  response  V(t).brp  =  function  (t/a^) 

or 

Gage  response  =  j  function  (t/a^,)  j  (l/b^,)  (59) 
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Equation  (57),  which  determines  the  function  for  (t),  must  be 
modified  to  include  this  vertical  shift  term  as  follows: 


(S(t)/<r0)'  =  *'(t)  =  q.K[A  -  B.Ep(t)]  (l/bT  (60) 


and  therefore,  Equation  (58)  for  4>  (t)  must  also  be  changed  to: 


4>  (t) 


q.K 


A  -  B.E 


(61) 


To  determine  the  stress  from  the  gage  output  signals,  the  term 
4>  (t)  in  Equation  (54)  must  be  replaced  by  the  modified  term  from  the  inverse 
of  Equation  (59),  i.  e.  , 


«■  (t)  =  /‘bT.  ♦(t-T)^|hi.  dr  (62) 

O 

where  brp  J^T  (t)  J  must  be  used  in  the  above  equation. 

Returning  to  the  experimental  data,  Figure  21  shows  the 
response  data  of  Figure  20  for  the  150-psi  gage  No.  10,  reduced  by  the 
vertical  shift  factor  b<p  and  plotted  against  reduced  time.  The  vertical  shift 
factors  are  presented  in  Figure  22,  which  also  shows  the  shift  factors  re¬ 
quired  by  the  other  two  gages,  No.  5  and  No.  20.  Figure  23  shows  the 
reduced  sensivitity  data  for  the  three  gages  for  both  tension  and  compression 
loading  modes;  the  similarity  in  gage  sensitivity  for  these  two  modes  is 
obvious,  despite  the  scatter  at  -32°F. 

b.  Comparison  with  Analysis 

Once  the  changes  in  gage  sensitivity  due  simply  to  inherent 
thermal  effects  have  been  eliminated  by  means  of  the  vertical  shift  term,  the 
reduced  plot  may  then  be  compared  with  the  analytical  predictions  from 
Equation  (60).  To  eliminate  some  of  the  unknowns  from  this  equation,  we 
may  nondimens ionalize  by  dividing  by  the  gage  response  in  a  fluid  (E  =  0)  at 
the  reference  temperature  (so  that  b^  =  1).  Calling  the  relative  gag? 
response  ratio  R^,  we  find  that 

R  =  A  -  B.E  (t) 
g  |_  P 

The  predicted  gage  response  from  Equation  (63)  is  plotted 
against  log  reduced  time  in  Figure  24  and  against  extensional  modulus  in 
Figure  25.  The  modulus-versus-reduced  time  data  from  Figure  26  and  the 
log  aq1  shift  factors  versus  temperature  of  Figure  27  were  used  to  obtain 
these  data  plots.  The  experimental  data  are  also  plotted  in  Figures  24  and 
25,  and  it  will  be  noted  that  the  measured  response  of  the  gage  is  not  as  good 
as  the  predicted  response.  This  was  noted  before  in  comparing  the  response 
of  the  25-psi  diaphragm  gage  with  the  experimental  data  (see  Figure  136  of 
Reference  1).  The  plots  in  Figure  25  show  exactly  the  same  type  of 
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Figure  22.  Vertical  Shift  Factors  versus  Temperature. 
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Figure  24.  Normalized  Diaphragm  Gage  Response  versus  Reduced  Time, 
Experimental  and  Analytical. 
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igure  25.  Normalized  Diaphragm  Gage  Response  versus  Propellant  Modulus,  Experimental  and 
Analytical. 
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Figure  26.  Inert  Propellant  Uniaxial  Test  Fixture,  Inverse  Creep 
Compliance  versus  Reduced  Time. 
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Figure  27.  Inert  Propellant  Uniaxial  Test  Fixture,  Shift  Factors  versus 
Temperature. 
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comparison  between  the  experimental  data  and  the  analytical  data  as  those  of 
Figure  136,  Reference  1.  It  seems  that  the  gage  experiences  a  much 
larger  modulus  than  is  measured  in  the  stress  relaxation  or  creep  compli¬ 
ance  tests  used  to  obtain  the  experimental  modulus  data. 

Figure  25  also  shows  the  predicted  gage  response  from  the 
Fitzgerald-Hufferd  analysis  detailed  in  the  first-year  STV  Final  report, 
Reference  1.  The  close  agreement  between  the  two  analytical  response 
curves  derived  from  greatly  different  approaches  gives  increased  confidence 
in  the  data.  The  only  factor  that  can  produce  such  poor  agreement  between 
experiment  and  theory  is  the  value  of  the  "effective  modulus"  that  the  gag. 
experiences.  As  in  the  case  of  the  thermal  cooling  tests,  the  modulus  values 
obtained  from  normal  experimental  test  procedures  do  not  permit  good  cor¬ 
relation  between  theory  and  experiment. 

c.  Data  Scatter  in  Gage  Calibration  Tests 

Examination  of  the  experimental  data  obtained  from  a  series  of 
gage  calibration  tests  based  on  the  latest  experimental  techniques  and  con¬ 
ducted  with  great  care  revealed  what  seemed  to  be  an  unacceptable  amount 
of  data  scatter.  (The  -32°F  data  in  Figure  20  are  typical  of  much  of  the 
experimental  data  obtained.)  As  a  consequence,  the  causes  of  this  data 
scatter  were  sought  and  the  principal  problem  areas  are  believed  to  be  those 
listed  below: 

•  The  use  of  small  loads  or  small  displacements  in  the 
tests  to  prevent  damage  to  the  propellant,  resulting 
in  small  output  signals 

•  Small  variations  in  the  digital  measuring  device 
employed,  resulting  from  drift,  and  other  causes 

•  The  use  of  conditioning  boxes  employing  liquid  CO2 
as  a  cooling  medium 

The  third  of  these  problems  is  an  obvious  nuisance  that  is 
particularly  troublesome  at  the  lower  temperatures.  The  use  of  a  refriger¬ 
ated  cooling  chamber  with  no  COj  blasts  is  the  only  way  to  avoid  the  trouble. 

The  first  two  problem  areas  become  serious  in  combination,  as 
discussed  in  the  following  paragraphs. 

Let  the  creep  test  be  performed  using  a  stress  level  of  3. ( ■  psi 
with  the  gage  response  equal  to  1.0  mv/psi.  Thus,  if  the  gage  reading  is 
initially  zero  mv,  then  application  of  the  stress  will  produce  a  gage  reading 
of  3.00  mv.  Now,  if  the  variation  in  measuring  the  gage  output  amounts  to 
merely  ±0.10  mv,  which  is  a  relatively  small  reading  error  for  most  instru¬ 
ments.  then  the  gage  sensitivity  will  be  measured  as  either  2.90/3.00  -  0.967 
mv/psi  or  as  3,10/3,.  00  -  1.033  rnv/psi.  Although  this  is  a  small  variation 
in  measurement,  it  causes  a  con.  iderable  error  in  the  resulting  gage  sensi¬ 
tivity  values,  from  0.967  to  1,033  mv/psi.  Thus,  a  variation  of  only  ±0.1  mv 
will  be  quite  sufficient  to  produce  a  serious  scatter  in  the  gage  sensitivity  data 
ad  perhaps  prevent  a  smooth  reduced  data  plot  from  being  produced, 
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The  same  error  in  measuring  the  sensitivity  of  the  shear  cubes, 
which  produce  an  output  of  approximately  30  mv/psi,  will  not  be  noticeable 
in  the  resulting  data. 

To  keep  the  data  scatter  from  measuring  devices  within  close 
limits,  say  ±1.0  percent  for  propellant  gage  applications,  the  change  in  gage 
output  signal  must  not  be  less  than  10.0  mv,  equivalent  to  a  stres  of 
approximately  10  psi. 

Another  problem  with  measuring  devices  is  long-term  drift. 
Many  digital  devices  need  periodic  adjustments  i:o  their  zero  control  to  main¬ 
tain  a  proper  zero  reading.  If  the  instrument  drifts  during  a  creep  or  re¬ 
laxation  test,  the  effect  will  be  to  produce  either  too  great  a  change  in  output 
with  time  (too  great  a  slope  to  the  output-time  record)  or  too  small  a  change 
in  signal.  In  either  case  the  resulting  data  will  not  fit  the  pattern  established 
fcv  the  other  (accurate)  data  and  the  test  will  have  to  be  repeated. 

If  these  reasonable  precautions  are  observed  in  the  calibration 
of  the  diaphragm  normal  stress  gages  and  in  the  measurement  of  the  gage 
output  data  in  later  use,  there  should  be  little  problem  in  measuring  the 
stress  magnitudes  to  within  ±10  percent,  for  stress  values  greater  than  2.0 
r*si;  e.i  ihe  lover  stress  levels,  the  probable  error  will  be  approximately 
^0.5  psi. 

d.  Experimental  Pressure,  Vacuum,  and  Complex  Load  Tests 

(1)  Pressure  Tests 

Uniaxial  test  fixture  No.  1,  containing  one  150-psi  gage  in 
inert  propellant,  was  used  for  a  series  of  pressure,  vacuum,  astd  pressure - 
plus-tension  tests.  The  test  fixture  used  for  these  tests  was  described 
earlier  and  sketched  in  Figure  12. 

In  an  initial  experiment  to  determine  the  gage  response  to 
pressure  at  7  5°F,  a  series  of  pressure  steps  was  applied  to  the  test  fixture 
starting  at  zero  pressure  and  increasing  to  20  psig.  The  resulting  gage  out¬ 
put  data  are  shown  in  Figure  28.  There  was  virtually  no  drift  in  the  gage 
readings  with  time  because  viscoelastic  effects  are  minimal  at  this  tempera¬ 
ture.  The  pressure  calibration  curve  was  linear,  with  a  sensitivity  (slope) 
of  1.15  mv/psi. 

The  sensitivity  of  the  gage  to  a  normal  tensile  stress  was 
measured  for  comparison  and  found  to  be  1.0?8  mv/psi.  The  ratio  of  the 
hydrostatic  load  sensitivity  to  the  axiaJ  load  fensitivity  is  therefore 
1.15:1.028  =  1,142.  This  compares  very  favorably  with  the  value  of  1.111 
predicted  theoretically. 

;2)  Pressure  and  Vacuum  Tests 

The  question  of  the  validity  of  using  in  situ  pressure  step 
tests  to  calibrate  the  embedded  gage  for  a  tensile  stress  has  often  been 
raised.  This  problem  hinges  on  the  relative  sensitivity  of  the  embedded  gage 
to  tensile,  compressive,  and  hydrostatic  stresses. 

-61- 


lOCKHSSO  MOMMMOM  CKWA 


AFRPL-TR-72-29 


Figure  28.  Pressure  Calibration  of  150-p 
Fixture,  T  =  7  5°F. 
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Tension  and  compression  and  tension  and  hydrostatic 
pressure  having  been  compared,  the  case  of  hydrostatic  tension  was  next 
examined.  A  series  of  alternating  pressure  and  vacuum  steps  was  applied  to 
the  fixture,  the  pressure  or  vacuum  being  held  for  5  minutes,  then  removed 
for  5  minutes,  and  subsequently  followed  by  another  vacuum  or  pressure 
step.  The  reason  for  returning  to  zero  load  between  each  pressure  and 
vacuum  step  was  to  prevent  any  long-term  zero  shifts  during  the  course  of 
the  testing. 

The  test  data  are  presented  in  Figure  29.  Close  examina¬ 
tion  of  these  data  suggests  that  there  is  a  slight  difference  between  the 
sensitivity  of  the  embedded  gage  to  pressure  and  to  vacuum,  although  this  is 
somewhat  obscured  by  the  drift  in  the  zero  pressure  reading.  However,  the 
error  involved  in  using  the  single  linear  gage  sensitivity  curve  (shown 
dashed  in  Figure  29)  is  extremely  small.  The  slope  of  the  gage  output  versus 
pressure  line  is  1,15  mv/psi,  which  is  exactly  the  same  as  that  of  the  data  in 
Figure  28,  obtained  for  pressure  alone. 

It  was  concluded,  therefore,  that  the  embedded  gage  will 
have  essentially  the  same  sensitivity  to  hydrostatic  tension  as  to  hydrostatic 
pressure.  Thus,  the  use  of  hydrostatic  pressure  steps  on  gages  embedded 
within  motors  is  a  valid  method  of  calibration  even  for  different  stress  sys¬ 
tems.  The  sensitivity  of  the  gage  to  a  uniaxial  normal  stress  will  be  approxi¬ 
mately  l/l.ll  of  the  gage  sensitivity  to  hydrostatic  pressure,  and  therefore 
the  normal  stress  causing  the  gage  reading  can  be  evaluated. 

(3)  Restrained  Pressure  and  Vacuum  Testing 

One  of  the  major  tasks  of  the  third-year  STV  program  was 
to  investigate  the  response  of  the  diaphragm  gage  under  complex  three- 
dimentional  stress/strain  fields.  Two  approaches  to  this  problem  were 
adopted:  ( 1)  a  series  of  pressure  and  vacuum  steps  was  applied  to  the 
uniaxial  test  specimen  with  the  ends  held  fixed,  and  (2)  combinations  of 
pressure  plus  tension  loadings  were  applied.  The  first  of  these  complex 
load  tests  is  considered  here. 

The  test  fixture  was  located  in  the  pressure  chamber  and 
the  specimen  ends  were  firmly  attached  to  the  chamber  end-caps.  Pressure 
and  vacuum  steps  were  applied  sequentially  to  the  chamber  and  the  gage 
readings  were  noted.  The  loading  conditions  were  as  follows: 

Stress  field:  cr  j  =  <r  2  =  -p 

cr  3  =  unknown  (measured  by  gage) 

Strain  field:  (3  =  0  and  f  /  jj 
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Figure  29.  150-pyi  Gage  in  Inert  Propellant  Uniaxial  Test  Fixture:  Response  to  Pressure  and 

Vacuum. 
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From  the  stress-strain  relations  it  iB  found  that 
ff3  =  2  w  p 

where  v  =  Poisson's  ratio.  Thus,  for  an  incompressible  material 
v  =  0.5 

and  therefore 


*  3  =  "P 

This  test  condition  is  therefore  a  means  of  determining  how 
close  to  incompressible  the  propellant  really  is.  The  test  results  are  shown 
in  Figure  30,  where  they  are  compared  with  the  test  results  obtained  under 
hydrostatic  pressure  (from  Figure  29).  It  will  be  noted  that  the  slopes  of  the 
two  response  lines  are  identical,  implying  a  value  of  v  =  0.5,  The  slight 
vertical  displacement  of  the  two  lines  is  caused  by  a  small  difference  in  the 
test  temperatures. 

Thus  there  is  little  doubt  that  the  diaphragm  gage  responds 
correctly  under  the  restrained  pressure  and  vacuum  test  conditions. 

(4)  Combined  Pressure  and  Tension  Loading 

The  combined  pressure  and  tension  loading  test  was  first 
employed  during  the  second-year  program,  with  the  25-psi  gage  embedded 
in  the  0064-6  IE  live  (STV)  propellant  test  fixture.  Separate  pressure  and 
creep  testing  of  the  specimen  had  shown  a  2  to  1  difference  in  response  be¬ 
tween  pressure,  and  tension  and  the  combined  tests  showed  the  same  results 
(Ref  2). 


The  initial  pressure  tests  on  the  150-psi  gage  in  the  inert 
propellant  teBt  fixture  at  70°F  gave  a  response  of  1.15  mv/psi  under  hydro¬ 
static  pressure  and  a  response  of  1.028  mv/psi  under  tension  in  the  test 
fixture.  (Analysis  of  the  test  fixture  and  gage  showed  that  the  stress  at  the 
gage  location  is  only  90  percent  of  the  mean  stress  in  the  specimen.  There¬ 
fore,  if  the  gage  response  is  1,15  mv/psi,  it  should  be  1. 1 5  x  0.9  =  1.035 
rnv/ psi  under  a  tensile  load.) 

With  these  data  it  is  possible  to  predict  the  gage  output  for 
various  loading  conditions  and  to  compare  the  experimental  data  with  the 
predictions.  This  comparison  gives  some  idea  of  the  accuracy  of  the  gage 
under  various  types  of  loading  condition.  The  data  also  illustrate  some  of 
the  problems  of  obtaining  precise  test  data.  For  instance,  holding  pressure 
to  exactly  10  psi  for  long  periods  of  time  can  be  difficult,  and  many  digital 
monitoring  systems  exhibit  long-term  drift,  which  can  produce  spurious  gage 
signals.  Both  of  these  problems  are  to  be  found  in  the  curves  shown  in 
Figure  31,  where  two  sets  of  test  data  are  given. 
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Figure  30.  Inert  Propellant  Uniaxial  Test  Fixture,  150-psi  Gage  Response 
Comparison. 


Uniaxial  Test  Specimen  No.  1,  Combined  Pressure  and 
Tension  Loading  at  70°F. 
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The  test  sequence  consisted  of  a  10-psi  pressure  step 
(from  zero  load)  held  for  10  minutes,  A  tensile  stress  of  5.625  psi  (equiva¬ 
lent  to  a  10-pound  deadweight)  was  then  applied  in  addition  to  the  pressure 
and  held  for  10  or  11  minutes.  The  tensile  load  was  then  removed  and  the 
pressure  held  for  another  9  or  10  minutes,  after  which  the  pressure  was 
reduced  to  zero,  and  the  gage  response  was  monitored  for  another  10 
minutes.  The  calculated  gage  response  was  as  follows: 

10-psi  pressure  at  1.15  mv/psi  =  +11.5  mv 

5.625-psi  tension  at  -1.15  x  0.9  mv/psi  =  -5.82  mv 

Thus,  10-psi  pressure  plus  5.625-psi  tension  =  +5.68  mv 

It  will  be  seen  from  Figure  31  that  both  tests  gave  excellent 
gage  readings  during  the  initial  10-psi  pressure  step  phase.  During  the  ten¬ 
sile  creep  test,  pressure  was  not  maintained  at  exactly  10  psi  during  the 
first  test,  as  was  noted  when  the  tensile  load  was  released.  The  gage  read¬ 
ing  increased  to  10.7  to  10.8  mv,  indicating  a  reduced  pressure.  When  the 
pressure  was  released,  the  gage  response  fell  to  0  mv. 

Because  of  the  loss  in  pressure  during  Test  1,  a  second 
test  was  performed.  In  this  test,  however,  the  digital  meter  monitoring  the 
gage  output  drifted  and  read  0.50  mv  when  all  load  was  removed.  For  this 
reason  the  gage  reading  was  high  during  the  combined  pressure  plus  tension 
phase  (6.1  to  6.2  mv)  and  during  the  second  pressure-alone  phase  (12.0  mv). 

However,  despite  these  difficulties  the  gage  performed  well 
within  the  ±  10-percent  error  band,  which  is  believed  acceptable  for  a  pro¬ 
pellant  stress  gage.  This  does  not  excuse  poor  test  technique,  but  demon¬ 
strates  the  fact  that  reasonably  accurate  stress  values  can  be  obtained  under 
normal  field  conditions. 

The  150- psi  gage  has  not  shown  any  problems  under  the 
complex  stress  fields  considered  to  date.  The  r ig I -•  construction  of  the  new 
150-psi  gage  has  probably  prevented  the  distortion  under  transverse  loads 
that  was  obtained  with  the  early  25-psi  gage  and  that  led  to  the  large  dis¬ 
crepancy  between  the  tensile  and  hydrostatic  pressure  calibrations. 

Probably  the  only  additional  complexity  in  the  stress/strain 
field  that  occurs  in  practice  and  that  has  not  been  evaluated  either  experi¬ 
mentally  or  analytically  is  the  condition  of  a  stress  gradient  over  the  gage 
face.  If  the  gage  is  located  near  an  end  of  a  grain,  then  a  significant  stress 
gradient  can  occur  and  this  may  affect  gage  performance.  Under  most  nor¬ 
mal  situations,  however,  it  is  not  believed  that  such  stress  gradients  will 
cause  much  trouble. 

5.  ANALYSIS  OF  DIAPHRAGM  GAGE  UNDER  SHEAR  LOADING 

The  effects  of  the  application  of  shear  loads  to  a  diaphragm  gage 
embedded  in  a  uniaxial  calibration  fixture  can  be  ascertained  by  subjecting 
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the  end  of  the  fixture  to  a  rigid  translation  relative  to  the  other  end.  Using 
a  Fourier  analysis,  the  end  displacements  may  be  written  as 


u  =  A  sin  8 

r 

Vq  =  A  cos  0  > 

w  =  0 

z 


(64) 


The  axisymmetric  geometry  of  the  boundary  value  problem  suggests 
a  formulation  in  cylindrical  coordinate.  Solution  of  the  boundary  value 
problem  posed  in  cylindrical  coordinate  can  be  formulated  by  Fourier  analy¬ 
ses.  As  a  result  of  the  nature  of  the  loading,  expressed  in  Equation  (64), 
the  deformations  and  stresses  in  a  linear  elastic  formulation  will  depend  only 
on  the  first  harmonic  of  the  expansion.  Consequently,  the  gage  response 
will  be  asymmetric  as  opposed  to  the  symmetric  responses  obtained  in  the 
other  analyses  reported  here.  Unless  the  sensing  strain  gage  is  mounted 
asymmetrically  on  the  diaphragm,  the  gage  should  register  no  response  dur¬ 
ing  asymmetric  loadings  (e.  g.  ,  shear).  To  calibrate  the  gage  for  shear 
Loads,  the  precise  eccentricity  of  the  sensing  element  must  be  known. 
Furthermore,  the  orientation  of  the  gage  element  relative  to  the  shearing 
load  must  be  specified.  This  is  clearly  not  a  variable  that  can  be  determined 
by  calibration.  Thus,  the  only  practical  solution  is  to  discard  gages  with 
eccentrically  mounted  strain  gages  on  the  diaphragm,  if  ever  they  are 
encountered. 


In  practice,  the  eccentricity  of  the  strain  gage  elements  will  be  ex 
tremely  small  and  the  response  of  the  diaphragm  gage  to  shear  will  be 
negligible,  as  determined  by  Dureli  in  Preference  4. 

6.  GAGE  CALIBRATION  ANALYSIS  FOR  STEADY-STATE 
VIBRATION  LOADS 


To  ascertain  the  amount  of  interference  the  diaphragm  gage  imparts 
under  steady-state  harmonic  excitation  of  one  end  of  the  uniaxial  calibration 
apparatus,  a  numerical  investigation  was  undertaken.  The  test  fixture  and 
gage  were  modeled  and  analyzed  by  means  of  the  finite  element  program 
CXL450. 


In  modeling  the  system,  quadrilateral  elements  of  axisymmetric 
geometry  were  used  for  the  propellant,  and  axisymmetric  plate  elements 
were  used  for  the  diaphragm  gage.  The  mesh  details  adjacent  to  and  remote 
from  the  gage  are  shown  in  Figure  32. 

For  loading,  six  excitation  frequencies  were  employed,  which 
covered  the  practical  range  of  data  given  in  Figure  22  of  Reference  1  at 
a  temperature  of  70°F.  These  frequencies  and  the  corresponding  complex 
moduli  are  listed  in  Table  II, 

For  each  frequency  the  system  was  solved  first  with  the  top  excited 
by  a  harmonic  axial  displacement  and  the  bottom  held  fixed.  Then  the  sys¬ 
tem  was  resolved  with  the  input  excitation  switched  to  the  bottom  and  the  top 
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TABLE  II 

MATERIAL  PROPERTIES  VERSUS  FREQUENCY  AT  7  0°F 


Fre 

quencv 

Real 

0 0 

Shear 

(rads/sec) 

cps 

Modulus 

102 

15.9 

1,050 

103 

1.59  x  102 

2,000 

104 

1.59  x  103 

3,500 

105 

1.59  x  104 

6,100 

106 

1.59  x  105 

9,600 

107 

1.59  x  106 

15,000 

108 

1.59  x  107 

22,000 

109 

1.59  x  108 

32,000 

1010 

1.59  x  109 

39,000 

Poisson's 

Ratio  =  0.5 

Imaginary- 

Shear 

Modulus 

Real 

Young's 

Modulus 

Imaginary 

Young's 

Modulus 

410 

3,150 

1,230 

74  0 

6,000 

2,200 

1,250 

10,500 

3,750 

2,050 

18,300 

6,150 

3,200 

28,800 

9,600 

4,700 

45,000 

14,100 

6,200 

66,000 

18,600 

6,100 

96,000 

18,300 

2,300 

1 17,000 

6,900 
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was  held  fixed.  In  this  manner  the  interference  factor  can  be  determined  by 
comparing  the  mechanical  behavior  in  the  propellant  immediately  adjacent  to 
the  gage  with  the  corresponding  behavior  of  the  mirror  image  of  the  location 
and  loading  on  the  bottom  side,  which  is  modeled  with  no  gage. 

The  results  for  the  magnitude  and  phase  angle  of  the  stress  normal 
to  the  diaphragm  gage  (<r  )  are  tabulated  in  Table  III  for  the  frequencies 
analyzed  at  70°F.  The  magnitude  of  the  gage  interference  is  plotted  in  Fig¬ 
ure  33  as  a  function  of  frequency  of  excitation.  Because  only  a  selected  few 
frequencies  were  considered  and  because  resonances  are  likely  in  the  speci¬ 
men,  the  results  are  presented  as  a  histogram.  The  response  between  these 
frequencies  can  be  confirmed  only  by  further  numerical  studies.  In  particu¬ 
lar  it  is  likely  that  a  resonance  occurs  near  an  excitation  frequency  of  104 
rad/sec  and  that  calibration  of  the  gage  near  these  frequencies  may  be 
meaningless  in  other  applications.  For  excitation  frequencies  below  1000 
rad/sec,  calibration  at  room  temperature  (based  on  further  numerical  re¬ 
sults)  may  be  feasible. 

To  calibrate  the  gage  over  a  wide  range  of  temperatures,  further 
analysis  is  necessary.  For  each  temperature  of  interest  the  model  must  be 
subjected  to  excitations  over  the  frequency  domain. 


It  is  net  possible  to  apply  shift  principles  to  the  results  presented 
hero.  This  can  be  verified  by  considering  the  form  of  the  equations  used  in 
!'he  finite  element  analysis,  e.  g.  ,  Equation  (101)  in  Reference  1. 


t*  T)  -  w2  M. 

in  '  in 


R 


n 


(6  5) 


where 


K. 

in 

= 

the 

M. 

in 

* 

- 

the 

V 

n 

* 

the 

R 

n 

the 

u> 

= 

the 

T 

= 

the 

complex  modulus  stiffness  matrix 
mass  matrix 

complex  nodal  displacement  vector 

complex  force  vector 

frequency 

temperature 


If  the  thermorheologically  simple  postulate  is  used  and  a  shift  factor 
a^,  is  established,  then 

<n  <“•  T>  =  Kin  (“  ar  T0>  <66> 

Thus,  K..  can  be  calculated  by  means  of  the  shift  function.  However,  the 
frequency?  w  appears  in  an  explicit  manner  in  the  inertia  term.  Consequently, 
the  notion  of  shifting  the  results  for  various  temperatures  fails  in  the  dynamic 
problem,  and  each  temperature  must  be  analyzed  independently. 
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Magnitude  of  Z- displacement:  inches 


Figure  33.  Gage  Interference  for  Steady-State  Excitations  Near  to  and  Remote  from  Gag 


AFRPL-TR-72-29 


This  harmonic  excitation  analysis,  and  that  presented  later  for  the 
response  of  the  gage  to  shock,  suggest  strongly  that  the  diaphragm  gage  will 
not  be  an  effective  instrument  for  high-frequency  measurement. 

7.  EXPERIMENTAL  CYCLIC  LOAD  TEST  DATA  AND  COMPARISON 

WITH  ANALYSIS 

a.  Introduction 

On  the  surface  it  would  seem  that  vibration  testing  of  the  uni¬ 
axial  test  fixture  should  not  present  much  of  a  problem.  All  that  is 
necessary,  after  all,  is  to  mount  the  device  in  a  rigid  structure  and  to  apply 
a  cyclic  load  by  means  of  an  electrodynamic  exciter.  In  practice,  however, 
the  problem  is  much  more  difficult  than  it  appears.  The  major  difficulties 
can  be  listed  as  follows: 

•  There  is  a  distinct  shortage  of  "rigid"  or  stiff  test 
fixtures  for  vibration  testing.  All  available  struc¬ 
tures  were  found  to  exhibit  some  deflection  at  certain 
frequencies. 

•  The  uniaxial  test  fixture  itself  is  a  resonant  system, 
with  a  resonant  frequency  within  the  range  of  interest. 

•  Very  few  instruments  such  as  accelerometers,  dis¬ 
placement  transducers,  or  load  cells  will  function 
properly  across  a  frequency  range  from  1  to  10,000 
Hz.  Even  if  it  is  claimed  that  the  device  will  perform 
satisfactorily,  there  is  usually  no  calibration  data  to 
support  the  contention. 

Despite  difficulties  such  as  those  listed  above,  vibration  tests 
were  performed  on  the  uniaxial  test  fixture  No.  2  containing  three  150-psi 
diaphragm  gages.  Unfortunately,  a  lead  wire  to  gage  No.  20,  in  the  middle 
of  the  specimen,  broke  before  the  vibration  testing  commenced  and  no  data 
were  obtained  from  this  gage.  However,  a  considerable  amount  of  data  was 
obtained  with  the  two  remaining  devices. 

The  area  of  vibration  testing  of  the  embedded  gages,  both 
normal  stress  sensors  and  shear  stress  sensors,  was  of  particular  impor¬ 
tance  during  the  third  year  of  the  STV  program.  Little  work  had  been  per¬ 
formed  in  the  way  of  verifying  that  the  gages  would  work  properly  within  the 
propellant  and  there  was,  by  now,  considerable  pressure  to  make  use  of  the 
devices  in  operational  situations  where  vibration  loads  would  be  encountered. 
For  this  reason,  the  combined  analytical  and  experimental  program  was 
undertaken.  At  the  very  least,  the  data  would  point  out  problem  areas  and 
illustrate  any  obvious  shortcomings  of  the  available  gages. 

b.  Experimental  Apparatus 

When  the  vibration  testing  was  initiated,  the  experimental 
apparatus  was  arranged  on  the  frame  of  an  Lnstron  testing  machine  as  shown 
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in  Figure  34.  The  sketch  shows  the  apparatus  arranged  for  vibration  testing 
of  the  shear  specimen,  but  the  uniaxial  specimen  was  also  tested  in  this 
apparatus. 


The  results  of  some  preliminary  tests  with  the  apparatus  showed 
that  it  was  not  sufficiently  rigid  for  the  purpose.  The  Instron  crosshead  was 
found  to  deflect  a  significant  amount  when  the  vibrator  was  supposedly  apply¬ 
ing  force  to  the  specimen. 

Later,  a  new  apparatus  was  assembled,  as  sketches  in  Figure 
35.  This  device  employed  large,  2-inch-thick  aluminum  plates  for  the  frame¬ 
work  and  the  unit  was  bolted  together  as  shown.  Although  this  apparatus  was 
better,  resonances  were  still  obtained  in  the  framework  and  it  was  later 
found  to  be  too  small  to  house  additional  apparatus  such  as  a  load  cell, 
accelerometer,  or  LVDT  for  displacement  monitoring. 

Finally,  therefore,  the  apparatus  sketched  in  Figure  36  was 
designed  and  built  for  the  vibration  tests.  The  frame  consisted  of  welded 
channel  section  (steel)  and  the  fixture  was  designed  to  hold  the  vibrator  and 
load  cell,  and  either  the  uniaxial  or  the  shear  test  specimen.  Although  larger 
than  the  earlier  apparatus,  it  was  small  enough  to  fit  inside  a  conditioning 
chamber  to  enable  tests  to  be  performed  at  several  temperatures. 

c.  Experimental  Vibration  Test  Data 

Preliminary  vibration  tests  were  conducted  on  the  Instron 
vibration  apparatus  with  the  inert  propellant  uniaxial  test  fixture  No.  2,  with 
two  working  150-psi  gages.  The  current  through  the  vibrator  coil  was  moni¬ 
tored  as  a  measure  of  the  force  input.  The  resulting  data  from  tests  at  7  5°F 
are  given  in  Table  IV  and  in  Figure  37. 

Because  of  the  presence  of  resonances  in  the  system,  these 
data  were  not  regarded  as  particularly  satisfactory.  Thus,  both  gages  show 
a  peak  in  sensitivity  at  100  Hz  and  gage  No.  10  appears  to  show  another  at 
800  Hz.  Above  1000  Hz,  gage  No.  10  shows  a  rapid  loss  in  sensitivity, 
whereas  gage  No.  5  retains  an  almost  constant  response  from  1000  to  3000  Hz. 

At  the  low  frequencies,  the  phase  angle  between  the  input  force 
and  the  gage  signal  is  small,  15  to  20  degrees  at  10  Hz,  and  this  phase  lag 
increases  to  90  degrees  at  approximately  200  Hz,  continviing  to  increase  with 
higher  excitation  frequencies  and  reaching  a  maximum  of  about  360  degrees 
at  700  Hz. 


It  was  not  certain  what  the  causes  of  the  apparent  resonances  in 
the  gage  response  were,  and  there  seemed  to  be  no  method  of  eliminating 
them.  Therefore,  further  vibration  testing  was  postponed  until  the  final  test 
apparatus  (Figure  36)  was  available. 

First,  the  load  transmitted  through  the  specimen  and  measured 
on  the  load  cell  was  monitored  and  compared  with  the  input  force  as  measured 
with  the  driver  coil  current. 
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Figure  34.  Experimental  Test  Apparatus  for  Dynamic  Shear  Tests. 
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Figure  36.  Sketch  of  Revised  Vibration  Test  Fixture. 


DIAPHRAGM  GAGE  RESPONSE  TO  CONSTANT  CYCLIC  INPUT  FORCE  AT  7  5°F 

(Early  Test  in  Instron  Machine) 


AFRPL-TR-72-29 


o 

2 

<u 

8* 

o 


<2  <o 

C  OJ 
o<7 
CL  £ 

w  a 
0)  c 


on 
c  _ 


« 

o 

A 

10, 


fj 

o  w 


\D 

oo 

sO 

CO 

o 

sO 

m 

LT) 

pH 

O' 

00 

o 

cO 

Psl 

rg 

M 

rg 

o 

o 

o 

o 

p- i 

pH 

o 

o 

o 

o 

o 

o’ 

o 

w 

rg 

go 

o 

n- 

o 

f*4 

rg 

eg 

so 

t- 

4) 

rg 

co 

CO 

m 

o 

cO 

SO 

un 

pH 

o 

*0 

pH 

pH 

pH 

fM 

co 

CO 

<M 

O 

00 

cO 

CO 

15 

O' 

rg 

NO 

00 

o 

00 

in 

pH 

rg 

O 

CO 

eg 

CO* 

if? 

pH 

o 

o 

o 

d 

d 

o 

in 

o' 

2 

4> 

j? 

o 


cu 

(0  -H 
c 

o  Jh 
w  r 

4)  g 


<D 

•H 

oo 

C 

< 


O 


</3 

1/3 

o 

Ll 

-l-l  . 

CO 


<u 

H  U 
CL  L<  rQ 

d  O  d 
>H  h 


o 

a 

t) 

3  N 

o*53 

4)  s— 

Li 

u. 


rg 

O' 

pH 

pH 

CO 

in 

cO 

o 

pH 

vD 

t- 

oo 

h- 

o 

in 

pH 

pH 

rg 

CO 

CO 

rg 

rg 

•  p4 

•  rH 

, 

t 

, 

. 

• 

• 

, 

, 

. 

to 

10 

o 

o 

o 

pH 

o 

o 

o 

o 

o 

o 

d 

CL 

CL 

IM 

-H  <M 


r~- 

fM 


CO 

if 


n- 

in 


oo 

m 

oo 


oo 

IN) 


00 

0O 


O' 


o 

m 


O' 

r- 


o  o  oo  so 
I  l 


o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

pH 

IM 

m 

o 

o 

o 

o 

o 

o 

o 

o 

pH 

rg 

CO 

m 

o 

o 

o 

pH 

rg 

CO 

4) 

00 

it! 

00 

+■> 

3 

CL 

-M 

3 

O 

II 

o 


00 

rt 

00 

3 

a 
c 
•  ^ 

ii 

in 

0 

2 

4) 

00 

rt 

U 


> 

a 


> 

a 


(0 

4) 

H 

ti 

o 

•  p< 

cd 

u 

X> 

•  H 

pH 

3 

u 

o 

•  rH 

<d 

4-> 

CO 


> 

a 


00  OO 
00  • 


III  III 


> 

a 


oo  v© 
•  • 

OJ  oo 

III  III 


00 

rg 

oo 

'O 

pH 

•  rH 

•  rH 

i  > 

'O 

m 

O' 

co 

r- 

o 

o 

V© 

'C 

to 

w 

6] 

rg* 

rg* 

• 

rg 

d 

o 

o 

o 

o* 

d 

d 

0 

CL 

CL 

2 

00 

00 

pH 

pH 

a; 

• 

• 

oo 

cO 

cO 

•  • 

, — s 

00 

oo 

00 

CO 

00 

00 

oo 

oo 

oo 

oo 

f  0 

cd 

in 

hi 

•  pP 

fH 

pH 

pH 

pH 

pH 

pH 

pH 

pH 

m 

00 

■4— > 

(0 

• 

• 

t 

« 

t 

• 

• 

• 

( 

cd 

H-H 

4-» 

Q. 

CO 

CO 

cO 

cO 

cO 

CO 

cO 

cO 

CO 

rg* 

pH 

Q 

* 

* 

I 

O 


..  O 

in  pH 


o  o 

2  2 

CJ  4/ 

00  00 
nj  r a 

O  O 


-80- 


LOOKHHO  mOPUUaiON  COMPANY 


IXJOKHMD  MOPUkSION  COMPANY 


Figure  37.  Dynamic  Response  Curves  for  150-psi  Gages  in  Inert  Propellant 
Uniaxial  Test  Fixture. 
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The  resulting  data  are  shown  in  Table  V  and  Figure  38. 
Preliminary  tests  at  the  standard  frequencies  showed  the  presence  of  three 
resonances.  A  search  was  made  to  ascertain  the  precise  resonant  frequen¬ 
cies;  these  were  found  to  be  150,  540,  and  97  5  Hz.  There  seems  little  doubt 
that  the  three  frequencies  represent  the  fundamental  and  harmonic  modes  of 
the  resonance  of  the  system  as  a  simple  mass-spring  system,  as  illustrated 
in  Figure  39. 

The  uniaxial  test  fixture  acts  as  a  damped  spring  and  the  mass 
of  the  moving  parts  of  the  vibrator  (the  linkage,  etc)  act  as  a  lumped  mass 
and  give  the  fundamental  resonance  mode  of  150  Hz.  The  damping,  which  is 
clearly  present  in  the  fundamental  resonant  mode,  appears  less  effective  at 
the  higher  mode  (540  Hz)  and  seems  almost  nonexistent  at  the  highest 
resonant  mode  of  975  Hz. 

It  was  clear  that  this  was  far  from  an  ideal  system  to  investi¬ 
gate  the  response  of  the  diaphragm  gages,  but  there  seemed  to  be  no  way 
around  the  problem  at  this  stage.  It  was  decided  to  carry  on  with  the  vibra¬ 
tion  tests  in  the  hope  that  the  data  obtained  would  at  least  provide  some  in¬ 
sight  into  the  performance  of  the  gages  under  dynamic  test  conditions. 

The  presence  of  two  gages  at  opposite  ends  of  the  specimen 
should  have  provided  information  about  the  gage  behavior,  especially  from  a 
comparison  between  their  performance.  The  fact  that  the  force  transmitted 
through  the  specimen  was  so  drastically  different  from  the  input  force,  as  the 
system  went  through  the  various  resonances,  meant  that  the  performance  of 
the  output  gage  should  be  much  different  from  that  of  the  input  gage,  if  the 
gages  were  working  properly.  The  input  gage  should  follow  the  input  force 
reasonably  closely,  whereas  the  output  gage  should  more  closely  follow  the 
output  force  as  measured  on  the  load  cell. 

The  data  obtained  from  a  series  of  tests  at  75°F  are  given  in 
Table  VI,  and  are  shown  in  Figure  38,  40,  41,  and  42.  The  output/ input 
force  ratios  are  presented  in  Figure  38  for  comparison  with  the  earlier  test 
data.  The  first  test  sequence  was  obtained  under  constant  output  force  con¬ 
ditions,  whereas  the  second  test  series  was  conducted  under  constant 
acceleration  conditions.  The  data  comparison  shows  little  difference  in  the 
resonant  frequencies,  particularly  the  two  higher  modes. 

Figure  40  compares  the  response  of  the  two  gages  for  the  later 
test  series  with  those  of  the  earlier  tests  conducted  in  the  Instron  apparatus 
and  illustrated  in  Figure  37.  Again,  it  will  be  clear  that  there  is  a  difference 
between  the  two  sets  of  data  from  the  two  tests.  However,  this  difference  is 
not  especially  significant.  Probably  the  most  significant  aspect  of  the  data 
shown  in  Figure  40  is  the  fact  that  the  uniaxial  test  specimen  was  assembled 
for  testing  with  gage  No.  5,  the  input  gage  in  the  first  test  sequence,  whereas 
gage  No.  10  was  the  input  gage  in  the  last  series  of  tests.  The  difference  in 
the  input  and  output  performance  of  the  gage  may  be  noted  as  follows: 

•  After  the  fundamental  resonant  mode  has  been  attained, 
in  input  gage  response  always  diminishes  faster  than 
the  output  gage  response. 
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TABLE  V 

CYCLIC  FORCE  TRANSMISSION  THROUGH  UNIAXIAL 
SPECIMEN  AT  7  5°F 
(Later  Test  in  Welded  Steel  Rig) 


Frequency 
(  Hz) 

Input  Force 
(lb) 

Output  F or  ce 

(lb) 

Phase 

Output  -1-  Input 

Remarks 

10 

12.7 

9.5 

0 

0.75 

20 

12.8 

9.5 

0 

0.74 

50 

12.2 

9.5 

0 

0.78 

100 

7.2 

10.0 

21 

1.40 

150 

5.8 

10.0 

85 

1.73 

Resonance 

200 

11.8 

10.0 

147 

0.85 

400 

30.2 

10.0 

166 

0.33 

500 

15.8 

10.0 

198 

0.64 

700 

32.5 

10.0 

50 

0.31 

900 

23.2 

3.  5 

161 

0.15 

540 

9.1 

10.0 

270 

1.1 

Resonance 

975 

18.0 

9.0 

0 

0.5 

Resonance 

1,000 

18.5 

2.8 

42 

0.15 
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Figure  3C,  Ratio  of  Output  Force  to  Input  Force  versus  Excitation  at  75°F, 
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Figure  39.  Equivalent  System  for  Dynamic  Uniaxial  Tests. 
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Figure  42.  Output/Input  Force  Ratio  versus  Frequency;  75,  40,  and  -10°F 
Uniaxial  Vibration  Tests. 
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•  The  input  gage  also  recovers  its  response  more  rapidly, 
and  then  maintains  its  response  at  the  higher  frequencies, 
i.  e.  ,  above  1000  Hz. 

•  The  output  gage  shows  almost  no  output  at  the  higher 
frequencies  because  no  force  is  transmitted  through  the 
test  specimen. 

Both  sets  of  data  show  that  the  slight  peak  obtained  at  100  Hz  is 
not  a  pro  nr  resonance  because  there  is  no  accompanying  change  in  phase 
angle.  It  is  possible  that  the  real  peak  in  the  response  data  would  have  been 
noted  at  150  Hz,  which  is  where  the  phase  angle  changes  to  90  degrees,  this 
being  the  system  resonance.  The  behavior  of  the  two  gages  is  quite  different 
after  the  initial  resonance,  as  will  be  observed  from  the  phase  angle  values 
given  in  Table  VI.  Gage  No.  10,  the  input  gage  in  this  test  series,  remains 
in  phase  with  the  input  force  at  all  frequencies  except  200  Hz.  Most  probably, 
the  phase  angle  would  have  been  observed  to  have  shifted  from  18  degrees  at 
100  Hz,  through  90  and  180  degrees  before  coming  back  into  phase  with  the 
input  force  at  400  Hz.  There  is  also  insufficient  data  to  show  if  the  gage 
response  changed  significantly  when  the  frequency  passed  through  the  higher 
resonance  frequencies. 

Gage  No.  5,  the  output  gage,  is  in  phase  with  the  input  force  at 
the  low  frequencies  below  150  Hz.  Above  this  resonance,  the  phase  angle 
shifts  to  the  180-degree  value  that  should  be  obtained  if  the  input  of  the  speci¬ 
men  and  the  output  have  just  passed  through  a  resonance.  Between  700  and 
1000  Hz  this  gage  also  shows  a  180-degree  phase  change,  whereas  the  input 
gage  does  not  appear  to  show  any  change. 

Bearing  in  mind  the  performance  of  the  two  gages  with  respect 
to  the  input  force,  it  is  interesting  to  note  their  behavior  with  respect  to  the 
output  force  as  shown  in  Figure  41.  The  response  relative  to  the  input  force 
is  also  shown  in  this  figure  to  aid  the  comparison.  The  most  important 
aspect  of  these  data  is  the  absence  of  any  peak  in  the  response  data  for  both 
gages  during  the  fundamental  resonant  mode  at  150  Hz.  There  is  no  peak 
and  there  is  no  phase  change,  and  the  test  was  conducted  to  investigate  this 
resonance.  It  appears,  therefore,  that  the  gages  are  following  the  force 
transmitted  through  the  specimen  at  the  lower  test  frequencies.  This  was 
expected  in  the  case  of  the  output  gage  (No,  5)  but  was  not  anticipated  for 
gage  No.  10,  attached  to  the  input  end  of  the  specimen. 

These  data  suggest  that  the  fundamental  resonant  mode  is  one 
in  which  the  whole  of  the  propellant  of  the  test  fixture  acts  as  a  simple  spring 
with  the  external  mass  resonating  on  the  spring. 

Gage  No.  5  (output  gage)  remains  in  phase  with  the  output  force 
through  the  570-Hz  resonance,  although  it  shows  a  dip  in  the  response  curve 
at  this  frequency.  The  input  gage  (No.  10)  meanwhile  showed  a  180- degree 
change  in  phase  angle  from  200  to  400  Hz,  which  suggests  that  a  resonance 
was  in  fact  missed  between  these  frequencies.  Furthermore,  both  gages 
then  show  a  180-degree  phase  change  between  570  and  700  Hz,  corresponding 
to  the  minima  in  both  response  curves.  A  pronounced  peak  in  the  response 
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curves  of  both  gages  was  obtained  at  850  Hz  with,  however,  only  gage  No.  10 
showing  a  marked  phase  change.  It  is  possible  that  the  resonance  for  the 
output  gage  (No.  5)  occurred  at  a  slightly  higher  frequency  than  850  Hz, 
inasmuch  as  the  phase  change  from  850  to  1000  Hz  was  160  degrees. 

The  higher  resonances  in  the  uniaxial  test  fixture  appear  to 
include  the  mass  of  the  propellant  in  the  mode  as  an  inertia  term,  so  that 
the  ends  of  the  specimen  become  180  degrees  out  of  phase  at  resonance. 

Also,  the  fact  that  the  gages  at  both  ends  of  the  specimen  show  a  reduction 
in  sensitivity  suggests  that  most  of  the  output  force  in  this  frequency  range 
is  inertial  and  does  not  affect  the  gages. 

It  is  possible  that  the  pronounced  resonance  obtained  at  or  near 
850  Hz  is  related  to  the  pronounced  force  ratio  peak  observed  at  975  Hz. 
However,  this  is  not  certain;  the  only  sure  thing  about  the  data  in  this  fre¬ 
quency  range  is  that  both  input  and  output  gages  are  affected  almost 
identically,  which  would  seem  to  preclude  the  gage  itself  a8  the  cause  of  the 
resonance. 


In  fact,  close  examination  of  the  gage  response  data  obtained 
from  this  test  series  does  not  indicate  a  problem  area  with  the  diaphragm 
gages.  It  is,  of  course,  entirely  possible  that  the  specimen-vibrator 
resonances  were  so  strong  that  they  obscured  any  effects  of  the  gages  alone. 
It  is  also  possible  that  the  tests  were  not  continued  to  a  sufficiently  high 
frequency.  Unfortunately,  testing  at  frequencies  higher  than  1000  Hz  proved 
extremely  difficult  and  the  data  obtained  did  not  seem  to  warrant  the  trouble 
required. 


Similar  series  of  vibration  tests  were  performed  at  two  addi¬ 
tional  temperatures:  +40  and  -10°F.  The  tests  were  conducted  with  the 
latest  experimental  apparatus  arranged  as  for  the  last  series  of  7  5°F  tests 
just  described.  Thus,  gage  No.  10  was  the  input  gage  and  gage  No.  5  was 
the  output  gage.  The  test  data  obtained  are  presented  in  Tables  VII  through 
X  and  in  Figures  42  through  44. 

Figure  42  shows  the  output  force/input  force  ratio  as  a  function 
of  frequency  for  all  three  temperatures.  At  the  lower  frequencies  it  seems 
that  there  is  little  difference  between  the  7  5  and  40°F  data,  unless  there  is  a 
slight  increase  in  the  resonant  frequency.  The  -10°F  data  show  conclusively 
that  there  is  a  real  upward  trend  in  the  resonant  frequencies,  no  doubt 
caused  by  the  increasing  propellant  modulus  at  the  lower  frequencies.  The 
precise  resonances  were  not  followed  in  these  tests,  so  that  the  higher  fre¬ 
quency  resonances  were  not  determined.  An  examination  of  the  data  of 
Figure  42  suggests  that  the  analysts  may  be  correct  in  predicting  that  the 
system  response  at  different  temperatures  may  not  be  derived  from  the  use 
of  "shift  principles".  The  shapes  of  the  curves  for  the  three  temperatures 
are  sufficiently  different  that  merely  translating  them  along  the  log  fre¬ 
quency  axis  will  not  produce  superposition. 

The  gage  response  curves  for  40  and  -10°F  are  presented  in 
Figures  43  and  44,  respectively.  Examination  of  these  figures  will  show  that 
the  gage  response  does  not  change  drastically  with  temperature;  the  trends 
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TABLE  VII 


CYCLIC  FORCE  TRANSMISSION  THROUGH  UNIAXIAL 

SPECIMEN  AT  40°F 

Fre  quency 
(Hz) _ 

Input  Force  Output  For 

_ Ob) _  _ (lb) 

ce  Phase  Angle 

_ (deg) 

Output  + Input 

10 

15.0 

10.0 

0 

0.67 

20 

16.0 

11.5 

0 

0.72 

40 

17.1 

13.5 

0 

0.79 

70 

18.0 

16.0 

0 

0.89 

100 

17.8 

22.0 

14 

1.24 

200 

25.0 

26.0 

130 

1.04 

400 

25.6 

10.0 

173 

0.39 

700 

24.4 

2.75 

180 

0.11 

1000 

9.75 

1.50 

330 

0.15 

TABLE  VIII 

DIAPHRAGM  G 

tAGE  RESPONSE  TO  INPUT 
FORCES  AT  40°F 

AND  OUTPUT 

Gage 

No.  5 

Gage  No,  10 

Gage  No.  5 

Gage  No.  10 

Freq 

(Hz) 

Res pons 
(mv/  psi 

Phase 
e  Angle 

L  .  Ld,lgl 

Phase 
Response  Angle 
(mv/psi)  (deg) 

Response 
(mv/  psi) 

Phase 

Angle 

.  ..(,deg) 

Phase 
Response  Angle 
(mv/psi)  (deg) 

• - Relative  to 

Input  Force  — 

♦-Relative  to  Output  Force — 

10 

0.60 

0 

0.90  0 

0.89 

0 

1.35  0 

20 

0.52 

0 

0.77  0 

0.72 

0 

1.07  0 

40 

0.58 

0 

0.81  0 

0.95 

0 

1.02  0 

70 

0.72 

26 

0.94  13 

0.81 

26 

1.05  13 

100 

1.01 

14 

1.01  22 

0.82 

0 

0.82  7 

200 

0.83 

130 

0.55  144 

0.80 

0 

0.53  14 

400 

0.18 

173 

0.08  43 

0.46 

0 

0.20  227 

700 

0.12 

206 

0.14  51 

1.06 

26 

1.28  231 

1000 

0.30 

302 

0.24  94 

1.94 

330 

1.53  124 

Gage  No.  10  =  input;  Gage  No.  5  =  output 
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TABLE  IX 

CYCLIC  FORCE  TRANSMISSION  THROUGH  UNIAXIAL 
SPECIMEN  AT  -10UF 


Frequency 

(Hz) 

Input  Force 
.  (lb) 

Output  F orce 
(lb) 

Phase  Angle 
(deg) 

Output  -f  Input 

10 

15.9 

12.0 

0 

0.76 

20 

16.4 

12.0 

0 

0.73 

40 

17.5 

12.0 

0 

0.68 

70 

18.52 

13.0 

0 

0.70 

100 

17.85 

15.0 

14 

0.84 

200 

25.6 

37.0 

36 

1.45 

400 

26.3 

18.0 

158 

0.68 

700 

25.0 

9.0 

310 

0.36 

1000 

10.0 

5.0 

298 

0.50 

TABLE  X 

DIAPHRAGM  GAGE  RESPONSE  TO  INPUT  AND  OUTPUT 

FORCES  AT  -  10°F 

Gage  No.  5 _  Gage  No.  10  Gage  No.  5  Gage  No.  10 

Phase  Phase  Phase  Phase 

Freq  Response  Angle  Response  Angle  Response  Angle  Response  Angle 

(Hz)  ( mv/ps  i)  (deg)  (mv/psi)  (deg)  (mv/psi)  (deg)  (mv/psi)  (deg) 


Relative  to  Input  Force  ■' ««■  -Relative  to  Output  Force 


10 

0.52 

0 

0.60 

0 

0.68 

0 

0.79 

0 

20 

0.58 

0 

0.58 

10 

0.79 

0 

0.79 

0 

40 

0.54 

0 

0.57 

19 

0.78 

0 

0.84 

0 

70 

0.51 

0 

0.44 

13 

0.73 

0 

0.63 

0 

100 

0.65 

0 

0.53 

22 

0.78 

14 

0.63 

-7 

200 

1.11 

43 

0.77 

43 

0.77 

-7 

0.53 

-7 

400 

0.31 

158 

0.06 

115 

0.45 

0 

0.087 

43 

700 

0.13 

154 

0.088 

103 

0.35 

156 

0.25 

207 

1000 

0.22 

194 

0.16 

58 

0.44 

200 

0.31 

240 

Gage  No. 

10  = 

input;  Gage 

No.  5  =  output 
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Figure  43.  Gage  Response  to  Input  and  Output  Force 
Uniaxial  Vibration  Tests  at  40°F. 
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Figure  44.  Gage  Response  to  Input  and  Output  Force  versus  Frequency, 
Uniaxial  Vibration  Tests  at  -10®F. 
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noted  for  the  7  5°F  data  and  discussed  at  some  length  are  also  found  in  the 
lower-temperature  data. 

The  gage  response  is  found  to  be  less  at  -10°F,  as  would  have 
been  predicted  on  the  basis  of  the  higher  modulus  for  the  propellant.  Also, 
in  general,  there  seems  to  be  less  difference  between  the  gage  response 
curves  for  the  input  force  and  the  output  force.  However,  it  should  be 
remembered  that  this  may  possibly  be  due  to  the  fact  that  the  tests  were  not 
conducted  at  the  system  resonances,  as  were  the  75°F  tests.  Certainly, 
though,  it  may  be  stated  that  there  does  not  seem  to  be  a  greater  problem  in 
obtaining  the  dynamic  test  data  at  the  lower  temperatures  than  there  was  at 
ambient  temperature. 

d.  Comparison  with  Analysis 

The  analysis  of  the  uniaxial  test  fixture  containing  the  diaphragm 
gage  unfortunately  did  not  include  the  additional  inertia  terms  caused  by  the 
moving  parts  of  the  vibrator  and  the  coupling  rods.  This  is  not  surprising  in 
view  of  the  fact  that  these  terms  were  unknown  before  the  tests  were  begun. 
Consequently,  the  analysis  predicts  that  the  important  system  resonances 
should  occur  at  much  higher  frequencies  than  were  obtained  experimentally. 

The  experimental  data  did  show  that  the  diaphragm  gages  would  in  fact  work 
very  well  over  the  frequency  range  from  10  to  1000  Hz,  even  under  relatively 
trying  conditions  with  real-life  resonant  modes  occurring.  As  well  as  can  be 
determined,  and  as  predicted,  the  gages  do  not  seem  to  have  either  modified 
the  system  resonances  or  to  have  created  new  resonances.  This  is  difficult 
to  be  dogmatic  about  because  the  tests  were  not  continued  into  the  high  fre¬ 
quency  range  where  theory  predicts  that  the  resonance  should  occur.  Also, 
the  experimental  data  are  difficult  to  interpret. 

The  data  and  the  analysis  have  suggested  that  there  should  be  a 
reasonable  range  of  frequencies  over  which  the  diaphragm  gage  embedded  in 
propellant  should  work  very  well.  This  frequency  range  would  appear  to 
extend  to  1000  Hz  at  ambient  and  relatively  moderate  cold  temperatures  (-10°F) 

8.  WAVE  PROPAGATION  STUDIES  WITH  DIAPHRAGM  GAGE 
a.  Introduction 

Wave  propagation  analyses  of  the  gage  neighborhood  were  per¬ 
formed,  in  which  the  gage  was  considered  to  be  rigid  and  the  150-psi  dia¬ 
phragm  gage  was  modeled.  Both  the  gage  and  the  propellant  were  assumed 
to  be  linearly  elastic.  The  gage  was  titanium  and  the  following  material 
properties  were  used  for  the  propellant: 

Shear  modulus,  G  (psi)  =  10,000 

Poisson's  ratio,  v  =  0.485 

Mass  density,  p  (lb- sec2/ in.4  )  =  0.0001603 

Figure  45  depicts  the  finite  element  model  of  the  rigid  gage  inclustion,  and 
Figure  45A  illustrates  the  idealization,  including  the  gage  modeled  as  a  thin 
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plate.  The  diaphragm  was  modeled  with  plate  elements  and  there  is  some 
kinematic  incompatibility  in  interconnecting  them  with  continuum  elements. 
(Such  incompatibility  exists  in  all  analyses  performed  with  plate  elements 
modeling  the  diaphragm.)  In  both  analyses  the  input  is  a  step  pressure  of  1 
psi  applied  to  the  upper  edge  and  propagated  down  toward  the  gage.  A  time 
increment  of  54  x  10  6  sec  was  used  and  each  analysis  was  carried  out  for 
six  time  steps.  A  dilatational  wave  transverse s  0.025  inch,  the  axial  dimen¬ 
sion  of  each  of  the  upper  three  elements,  in  one  time  step.  Thus,  the  dura¬ 
tion  of  the  analysis  permits  the  pressure  wave  to  impinge  upon  the  gage, 
reflect,  and  return  to  the  free  edge.  The  analyses  were  run  on  the  DYNA  2D 
Program,  which  has  been  described  in  an  earlier  report,  Reference  5.  The 
equations  of  motion  were  solved  by  means  of  an  explicit  algorithm. 

b.  Rigid  Gage  Model 

Because  of  the  geometry  of  the  rigid  gage  inclusion  configura¬ 
tion,  one  would  expect  the  region  immediately  above  the  gage  to  behave  as  if 
a  one-dimensional  wave  had  reflected  off  a  fixed  boundary,  in  which  the  re¬ 
flected  wave  superimposes,  with  like  sign,  upon  the  incident  wave,  causing 
in  the  case  of  a  step  pressure  input,  a  doubling  of  the  axial  stress  component. 
The  analysis  corroborates  this,  indicating  that  dispersive  waves  originating 
in  the  shoulder  area  play  no  significant  effect  in  disturbing  the  pattern  of  a 
one -dimensional  response  during  the  duration  of  the  computer  analysis.  In 
fact,  the  four  interior  elements  immediately  above  the  gage  experience 
exactly  the  doubling  of  the  step  pressure,  causing  an  axial  stress  of  -2.0  psi 
after  reflection.  The  radial  and  tangential  components  register  values  of 
-1.88  psi  after  reflection,  due  to  the  Poisson  effect.  There  is  no  shear  stress. 

c.  Elastic  Gage  Model 

Modeling  the  diaphragm  as  an  elastic  plate  presents  computa¬ 
tional  problems,  because  the  successful  capturing  of  wave  propagation 
phenomena  depends  heavily  upon  the  regularity  of  the  finite  element  grid. 

The  thinness  of  the  plate  compared  with  the.  axial  dimension  of  the  continuum 
elements  above  it  and,  in  addition,  the  faster  wave  speed  in  titanium,  cause 
the  detailed  response  occurring  immediately  after  impingement  upon  the  dia¬ 
phragm  to  be  lost  in  the  computer  analysis.  However,  exploiting  the  geometry, 
we  may  perform  a  one-dimensional  wave  analysis  in  the  region  of  the  gage  to 
obtain  qualitative  short-time  results. 

The  gage  diaphragm  is  modeled  as  a  layer  of  material  bonded  to 
the  free  surface  of  a  propellant  half- space,  in  which  a  plane  wave  propagates 
in  a  direction  perpendicular  to  the  interface  surface.  A  step  pressure  wave 
will  cancel  itself  upon  reflection  from  a  free  surface,  and  doubles  when 
reflected  off  a  rigid  boundary.  The  effect,  in  our  case,  of  the  diaphragm  is 
to  initially  reflect  the  pressure  wave,  amplifying  it  approximately  1.85  times. 
That  is,  the  properties  of  titanium  make  the  plate  appear  to  be  almost  rigid 
compared  with  the  propellant.  The  wave  transmitted  into  the  gage  reflects 
off  the  free  boundary  and  reimpinges  upon  the  interface,  reducing  the  exist¬ 
ing  value  of  axial  stress  there  by  15  percent.  The  wave  in  the  diaphragm 
continues  to  reflect,  each  time  reducing  its  magnitude  and  that  in  the  pro¬ 
pellant  as  it  impinges  upon  the  interface.  The  effect  is  illustrated  in 
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Figure  46.  Thus  it  is  obvious  that  the  diaphragm  very  quickly  changes  the 
character  of  the  solution  from  that  of  a  fixed  boundary  to  approximately  that 
of  a  free  boundary.  In  this  case,  the  stress  state  corresponding  to  the 
absence  of  a  diaphragm  is  completely  altered  by  the  presence  of  the  gage. 

d.  Numerical  Analysis  Results 

Numerical  finite  element  results  are  presented  in  Figures  47 
and  48,  depicting  the  pressure  wave  in  the  row  of  elements  above  the  dia¬ 
phragm.  Figure  47  shows  the  axial  stress  as  the  discontinuity  surface  im¬ 
pinges  upon  the  diaphragm.  Figure  48  corresponds  to  the  instant  after  the 
reflection  when  the  pressure  wave  arrives  at  the  next  interface  above  the 
diaphragm.  The  interior  three  elements  register  essentially  zero  stress, 
corresponding  to  the  one -dimensional  analysis  after  the  decay  of  the  per¬ 
turbation  due  to  the  diaphragm.  Immediately  beyond  these  elements,  the 
doubling  effect,  due  to  the  rigid  gage  shoulder,  is  visible.  An  elastic 
shoulder  would  change  this  to  1.85  for  the  time  durations  shown.  Farther 
out,  the  incident  wave  is  unaltered,  except  at  the  outermost  element,  which 
is  slightly  influenced  by  the  proximity  of  the  free  boundary  of  the  test 
specimen. 


The  numerical  experiment  indicates  that  a  diaphragm  gage 
cannot  be  expected  to  respond  to  wave  pulse  inputs.  In  measuring  waves  or 
other  high-frequency  content  loadings,  other  gage  types  should  be  used,  e.  g.  , 
quartz  crystals,  etc. 

In  experimental  measurements,  a  gage  response  will  be  noted 
after  reflections  within  the  test  specimen  initiate  a  vibratory  motion.  These 
readings,  however,  can  not  be  correlated  to  the  initial  pass  of  the  wave  front; 
that  is,  the  measured  response  cannot  be  inverted  to  give  a  well-behaved 
initial  pulse  form.  Several  pulse  forms  will  lead  to  the  same  response,  at 
least  to  the  degree  of  accuracy  that  it  can  be  measured. 

e.  Experimental  Shock  Test  Data  and  Comparison  with  Analysis 

To  verify  the  predictions  of  the  wave  propagation  analytical 
studies,  a  series  of  experimental  pendulum  impact  tests  was  conducted  with 
the  uniaxial  test  specimen  No.  2,  containing  two  working  150-psi  diaphragm 
gages.  The  experimental  tests  were  conducted  with  the  apparatus  shown  in 
Figure  49,  which  was  fabricated  following  that  used  by  Durelli  and  Riley  in 
Reference  4.  The  test  runs  were  made  with  the  weight  pulled  back  a 
distance  varying  from  2  to  8  inches.  Cathode  ray  oscilloscope  records  of 
the  dual  trace  were  obtained,  each  gage  trace  being  obtained  against  the  CEC 
accelerometer  record  and  the  composite  record,  shown  in  Figure  50,  being 
made  from  the  various  two-trace  photographs. 

Figure  50  shows  typical  data  traces  for  the  accelerometer,  and 
the  two  gages  with  No.  10,  the  input  gage,  and  No.  5,  the  output  gage. 

The  data  traces  shown  in  Figure  50  must  be  examined  in  the 
light  of  the  analytical  gage  performance  predicted  in  the  previous  section  of 
the  report.  The  input  waveform,  as  shown  by  the  accelerometer,  typically 
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Figure  46.  One -Dimensional  Wave  Analysis  of  Gage  Neighborhood. 
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Figure  48.  Axial  Stress  versus  Radius  at  Section  A -A;  Time 


Figure  49.  Sketch  of  Pendulum  Shock  Test  Apparatus. 
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Figure  50.  Typical  Data  Traces  for  Pendulum  Shock  Tests. 
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had  a  rise  time  of  approximately  30  microseconds  and  a  fairly  flat  acceleration 
level  for  an  additional  2.0  milliseconds,  with  a  rapid  fall  through  zero  stress 
to  a  negative  trough  of  about  one-half  to  one-third  of  the  initial  peak.  This 
negative  pressure  is  held  for  about  1.5  to  2.0  milliseconds,  and  the  wave  then 
becomes  positive  again.  This  oscillation  appears  to  die  out  within  two  com¬ 
plete  cycles  as  shown. 

Gage  No.  10,  the  input  gage,  follows  the  initial  pressure  input 
rise  very  well  (slightly  better  than  the  accelerometer  used,  in  fact).  An 
examination  of  the  initial  pressure  pulse  does  reveal  the  cyclic  oscillations 
predicted  theoretically  before  the  signal  reaches  the  flat  response  region. 

The  gage  output  waveform  thereafter  follows  the  accelerometer  waveform 
reasonably  well. 

The  signal  waveform  obtained  from  gage  No.  5,  the  output  gage, 
is  distinctly  different  from  that  of  the  accelerometer  and  from  that  of  gage 
No.  10.  There  is  first  a  definite  delay  of  approximately  0.8  5  millisecond 
(while  the  wave  front  travels  along  the  propellant),  and  then  a  single  sharp 
peak  is  shown  by  the  gage,  which  falls  very  rapidly  to  zero  stress  at  about 
2.4  milliseconds  and  thereafter  follows  the  other  two  output  signals. 

It  appears  that  the  propellant  damping  preferentially  attenuates 
the  higher  frequency  gage  output,  reducing  the  square  shape  of  the  input 
pulse  to  the  single  spike  shown  and  thereafter  becoming  more  nearly  a  sine 
wave. 


The  acceleration  obtained  during  the  impact  tests  is  a  linear 
function  of  the  initial  displacement  of  the  striker  weight,  as  is  shown  in 
Figure  51,  wherein  the  accelerometer  output  is  plotted  versus  displacement. 
The  mean  stress  applied  to  the  gage  mass  is  simply  given  by  the  acceleration 
multiplied  by  the  mass.  Figure  52  shows  the  amplitude  of  the  initial  peak  in 
the  output  of  gage  No.  5  as  a  function  of  impact  stress.  There  is  a  clear 
relationship  between  the  amplitude  and  the  stress,  as  will  be  seen  by  the  data 
of  Figure  52.  Because  of  experimental  difficulties  associated  with  triggering 
the  oscilloscope,  a  similar  sequence  of  data  was  not  obtained  for  the  input 
gage  No.  10. 


A  later  series  of  impact  tests  was  conducted  with  a  thin  sheet 
of  rubber  between  the  striker  mass  and  the  gage  mass  to  eliminate  the  ring¬ 
ing  in  the  accelerometer  and  gage  No.  10  output  waveforms  during  the  initial 
passage  of  the  wave  pulse.  The  effect  of  the  rubber  sheet  is  to  reduce  the 
impact  acceleration  and  slow  down  the  initial  rise  time.  Thus,  the  time  to 
peak  acceleration  is  increased  to  approximately  0.2  millisecond  and  the  peak 
acceleration  for  a  6-inch  travel  of  the  striker  weight  reduces  to  21.5  g.  The 
accleration  versus  displacement  with  the  rubber  sheet  is  also  given  in  Fig¬ 
ure  51.  Figure  53  shows  the  peak  signal  amplitude  for  gage  No.  10  versus 
impact  stress. 

It  is  interesting  to  note  that  the  sensitivity  of  the  two  gages,  as 
determined  from  the  slope  of  the  lines  in  Figure  52  and  53,  is  0.50  and  0.667 
mv/psi,  respectively,  for  gage  No,  5  and  gage  No.  10.  These  sensitivities 
compare  very  well  with  the  vibration  sensitivities  given  earlier  in  Figure  40, 
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and  strongly  suggest  that  the  very  pessimistic  view  of  the  capabilities  of  the 
miniature  diaphragm  gage  as  a  means  of  detecting  high-frequency  stresses 
is  too  severe.  It  seems  highly  probable  that  the  device  will  respond  to 
reasonably  high-rate  shock  waves  involving  rise  times  in  the  millisecond 
range.  The  attenuation  of  the  waves  in  propellant  is  so  great  that  it  is 
unlikely  that  extremely  high-rate  shock  waves  will  be  applied  to  the  eaees  in 
a  real-life  situation.  66 
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SECTION  IV 

EMBEDDED  SHEAR  GAGE  RESPONSE 


1.  DESCRIPTION  OF  GAGE  AND  OPERATING  PRINCIPLES 

The  embedded  shear  gage  considered  in  this  Section  is  shown  in 
Figure  54.  It  is  the  shear  cube,  and  it  consists  of  two  strain -measuring 
sensors  mounted  perpendicular  to  each  other  and  at  45  degrees  to  the 
mounting  plane.  Either  foil  strain  gages  or  semi-conductor  strain  gages 
may  be  used  in  this  shear  gage,  the  latter  devices  producing  a  more  sensi¬ 
tive  shear -measuring  gage. 

The  operating  principle  of  this  shear  gage  is  based  upon  the 
measurement  of  the  difference  between  the  deformations  of  the  diagonals 
of  a  cube  of  propellant.  The  strain  gages  are  mounted  along  the  directions 
of  the  diagonals  so  that  they  respond  to  some  fraction  of  the  strain  applied 
to  the  cube.  The  gages  are  connected  in  a  Wheatstone  bridge  circuit  so  that 
the  bridge  output  is  a  measure  of  the  difference  in  the  strains  in  the  two 
gages,  as  shown  in  Figure  55.  Thus,  the  application  of  a  normal  stress  to 
the  cube  will  give  zero  output  signal  if  the  gage  elements  are  well  matched. 

It  is  required  to  ascertain  the  relationship  between  the  strain  in  the 
sensing  elements  (the  strain  gages)  and  the  applied  stress  or  strain  in  the 
propellant  if  the  gage  were  not  there. 

Two  analytical  approaches  to  this  problem  were  investigated.  The 
first  was  an  approximate,  simple,  closed-form  analysis  of  a  flat  elastic 
ribbon  enclosed  in  an  infinite  elastic  sheet,  performed  by  Professors 
M,  L.  Williams  and  W.S.  Brown  of  the  University  of  Utah. 

The  second  analysis,  performed  by  Professors  Pister  and  Taylor 
of  Mathematical  Sciences  Northwest,  consisted  of  a  three-dimensional  finite 
element  analysis  of  the  actual  shear  cube  configuration.  The  results  of  the 
two  analyses  are  given  next,  and  are  compared  with  the  experimental  data 
in  a  later  section. 

2.  ANALYSES  OF  SHEAR  CUBE 

a.  Approximate  Strain  Analysis  of  a  Flat  Elastic  Ribbon 
Enclosed  in  an  Infinite  Elastic  Sheet 

(1)  Introduction 

In  support  of  an  overall  study  of  the  strain  gage  sensitivity 
of  a  metallic  ribbon  in  a  soft  rubber  matrix,  an  approximate  strain  analysis 
is  desired  in  order  to  assess  the  stiffening  effect  of  the  metal  ribbon. 
Expressed  alternatively,  a  strain-sensing  element  should  not  disturb  the 
strain  field  it  is  sensing.  On  the  other  hand,  this  principle  is  contradicted 
to  some  degree  in  nearly  all  mechanical  sensing  devices.  In  metal  gage 
elements,  bonded  to  other  metal  elements,  the  effect  is  usually  vanishingly 
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(A)  LPC  SHEAR  STRAIN  TRANSDUCER 


(B)  SHEAR  CUBE  CONFIGURATION 


Figure  54,  Shear  Cube  Configuration, 
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small  and,  depending  as  it  does  upon  essentially  the  stiffness  ratio  EA/E'A1, 
when  the  modulus  ratio  E/E'  «  0(1),  then  the  sensitivity  is  mainly  a  function 
of  the  area  ratio,  A/A',  of  the  matrix  to  gage.  For  the  rubber -to -steel  com¬ 
bination,  however,  the  modulus  ratio  varies  characteristically  between  10-5 
and  10" 2  so  that  adjustments  of  the  area  ratio  alone  are  often  not  sufficient 
to  neglect  the  effect  of  the  gage  element  stiffness. 

Under  these  circumstances,  if  metallic  sensing  elements 
are  to  be  used,  it  is  then  necessary  to  calibrate  the  response  on  the  basis  of 
a  knowledge  of  those  changes  in  the  overall  strain  field  in  the  rubber  caused 
by  the  presence  of  the  stiff  metallic  element.  Whereas  a  reasonably  precise 
elastic  analysis  can  be  expected  when  numerical  computational  techniques 
are  used,  notwithstanding  the  (mathematically)  infinite  strain  concentrations 
that  exist  near  the  ends  of  the  ribbon  element,  it  would  be  convenient  to  have 
available  an  approximate  but  closed-form  expression  for  the  gage-matrix 
interaction  for  preliminary  design  purposes. 

The  purpose  of  this  report  is  to  indicate  such  a  solution  and 
to  derive  its  simplest  form,  while  providing  the  framework  for  future  improve 
ment  in  the  event  that  numerical  analysis  proves  unduly  intractable  or 
expensive. 


(2)  The  Theorem  of  Minimum  Potential  Energy 

The  solution  technique  chosen  is  that  of  minimizing  the 
potential  energy  of  the  combined  media  system  (Ref  6).  In  its  general  form, 
one  can  deduce  the  best  approximation  to  the  displacement  field  in  an  elastic 
body  as  follows:  First,  an  admissible  set  of  displacement  functions  is  selected 
that  satisfies  the  boundary  conditions  on  that  part  of  the  boundary  over  which 
the  displacement  boundary  conditions  are  prescribed.  Then  the  potential 
energy,  V(e^),  is  expressed  in  terms  of  the  displacements,  i.  e.  ,  their 
derivatives  or  strains,  requiring  6V(e-)  =  0;  specifically 


where  the  barred  quantities  F  and  u  are  the  prescribed  stresses  and  the 
assumed  displacements  on  that  part  of  the  surface  over  which  the  stresses 
are  given,  S^.  It  is  important  to  recognize  that  the  admissible  function  set 
is  not  required  to  satisfy  the  equations  of  equilibrium.  (If  it  did,  the  exact 
solution  would  result.) 
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(3)  The  Engineering  Problem 

The  gage -matrix  problem  visualized  is  one  of  plane  strain 
as  shown  in  Figure  56. 


107  psi 

1  O'6  in./in./°F 
0.3 


lO-2  to  10  4 
10's  in./in./°F 
1/2 


Figure  56.  Gage  Configuration, 


It  is  assumed  that  the  length  of  the  gage  (of  the  order  of  2a  =  0.25  in.)  is 
small  in  comparison  with  the  overall  dimensions  of  the  assembly  and, 
further,  that  the  gage  thickness  (of  the  order  of  2h'  =  0.0025  in.)  it  itself 
small  compared  to  the  gage  length.  Finally,  the  gages  shown  in  the  figure 
are  considered  far  enough  apartjso  that  their  mutual  interaction  is  negligible. 
From  a  practical  standpoint,  L  >  2a. 


If  the  gage  element  is  isolated  and  the  applied  shear  stress 
resolved  onto  planes  perpendicular  to  and  parallel  with  the  ribbon  gage,  one 
finds  that  there  is  no  shear  applied  to  the  45 -degree  resolved  element  of 
Figure  57 


Figure  57.  Gage  Element  Schematic. 
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and  that  Fx  =  -  Fy  =  r/2.  Hence  the  behavior  of  the  gage  element  can  be 
analyzed  by  studying  the  plane  stress  problem  of  a  small,  rigid,  vanishingly 
thin  inclusion  in  a  bounding  incompressible  medium,  subjected  to  a  biaxial 
stress  field. 


(4)  Limit  Solutions 


Considering  the  properties  of  the  ribbon  as  denoted  by 
primes,  the  first  limit  case  is  either:  (1)  that  it  has  vanishingly  small 
stiffness  (or  is  rigid  and  completely  unbonded)  such  that  we  recover  the 
standard  Griffith  problem  of  a  crack  of  length  2a  in  an  infinite  medium 
(Ref  7)  for  which  the  stress  field  is  well  known;  or  (2)  the  situation  of 
matching  material  properties  and  the  resulting  completely  homogeneous 
medium  for  which  the  displacements  are 


u0(x,  y)  =  E-l[ax  -  vFy]  x  H  Kx  <rQ  x 

(68) 

vQ(x,  y)  =  E-‘|Vy  -vFx]y  =Ky  <rQ  y 

(69) 

Indeed  it  is  the  latter  situation  that  one  desires  to  be  sensed,  and  the  one 
that  will  be  disturbed  by  the  presence  of  the  element. 

The  other  limit  case  of  interest  is  for  the  situation  in 
which  the  stiffness  of  the  ribbon  element  is  infinitely  larger.  This  problem 
would  be  somewhat  analogous  to  the  Griffith  problem  except  that  along 
y  =  0,  instead  of  a  free  surface  with  <ry(x,  0)  =  t(x,  0)  =  0  for  |x|  <  a,  one 
would  require  u(x,  0)  =  v(x,  0)  =  0  along  |x|  <  a.  This  problem  has  been  solved 
in  terms  of  integral  equations  based  upon  the  solution  technique  proposed  by 
Ang  and  Williams  (Ref  8).  The  result  can  be  expressed  in  terms  of  Sonine 
integrals,  and  for  example  in  the  case  of  Fx  =  0,  and  an  incompressible 
medium,  leads  to  the  expression  for  the  Airy  stress  function  as 

2vir  a  roc  . 

X(x,  y)  =  — I  (1  -  4ty)  t"2  e”  ^  J.(bt)  cos  tx  dt 
15  o 

and  in  particular  to  a  shear  stress  on  the  fiber  of 

t(x,  0)  =  -  — r“ /' ■l,X//a  ■  :  5  |x|  <  a  (70) 

3  \  a2  -  x2 


or  an  associated  average  shear  stress. 


av 


over  the  element  of 


(71) 
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Furthermore,  one  can  easily  deduce  the  stress  normal  to  the  axis  if  the 
ribbon  at  |x|  =  a  +  |c|  as 

<r  =  ~  ?■"  (rigid  ribbon)  (72) 

y  \  2  «/a 

which  can  be  compared  to  the  (Griffith)  stress  for  vanishingly  small  ribbon 
rigidity  of 


<r 

y 


(completely  flexible) 


(73) 


thus  implying  a  15:1  stress  ratio  between  the  limits  of  rigidities. 

Unfortunately  these  results  are  not  of  immediate  value  in 
calculating  the  strain  gage  sensitivity  because  if  the  ribbon  is  infinitely  stiff, 
it  can  not  move  («x  =  0)  and  there  will  be  no  area  change  and  thus  no  resis¬ 
tance  change  to  produce  the  electrical  signal.  Indeed,  no  mathematical 
analysis  is  required  to  make  this  deduction.  On  the  other  hand  the  specific 
limiting  value  of,  say,  the  average  shear  stress  on  the  gage  which,  in  the 
elemental  aircraft  analysis  shear  lag  sense,  can  be  associated  with  the 
applied  stress  in  the  element  of  Figure  58 


T  T 

av  av 


Figure  58.  Applied  Stress  Element. 

can  give  a  bounding  value  for  the  gage  element  strain. 

(5)  Approximate  Energy  Analysis 

The  first:  consideration  is  to  choose  an  admissible  dis¬ 
placement  set.  Because  no  displacement  boundary  conditions  are  prescribed, 
there  is  essentially  no  restriction  except  intuitive  ones  to  place  upon  them. 
These  will  be  first  symmetry  <  mditions  that 


u(0,  y)  =  0 

(74) 

v(x,  0)  =  0 

(75) 

and  the  physical  condition  that  far  from  the  ribbon  the  displacements  should 
be  identical  to  those  that  would  result  under  the  biaxial  stress  field  if  no  gage 
were  present,  i.  e.  ,  Equations  (68)  and  (69).  For  these  reasons,  and  with 


1 


i 
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an  eye  toward  simplifying  the  resultant  algebra,  e.  g.  ,  choosing  exp(-Xlyl) 
instead  of  exp(-\y2),  consider  the  simple  set 

u(x,  y)  =  Kx<r0x[l  -  e 'lx^dy‘ ]  (7< 

v(x,  y)  =  Ky<r0y  (7' 

leading  to  strains  of 

<x  ■  W»  (7. 


«  =  K  <rn 

y  y  0 


y  =  K  <rn  Kc,  | x |  e'Klx|  e“K*yl  (8C 

where  one  may  note  that  the  maximum  of  YXy  (x,  0)  is  at  x  =  a.  Hereafter, 
the  absolute  value  signs  will  be  dropped,  because  the  calculations  for  this 
symmetric  problem  will  be  carried  out  only  in  the  first  quadrant. 

The  strain  energy  density  in  the  matrix,  assuming  incom 
pressibility  (v  =  1/2)  and  plane  stress,  is 

Wm  *  <2E/3)IV  +  Vy  +  *y2  +  ('xy/2)2]  <81 

=  (2E/3)  |[(Kx  +  Ky)  T0  -  Kx,oCl  (l  -  fj 

-K  K  „  *[l  -  c.  (1  -  f  . -<*/»)- ^Y] 
x  y  0  1  a 

+  Kj  <r02  (X2/4)  Cl2x2  e-(2x/a)-2KyJ  (81a) 


which,  after  integrating  over  the  quarter  plane,  leads  to  the  strain  energy 


of  deformation  in  the  matrix,  Um,  as 


C  2  +  K  K  +  K  2  (rn2  wh 
x  x  y  y  0 


-(2K!tKK)^!!  e-w/a(l  -e-2>'h) 

'  x  x  y'  \a  a 

2  2  2  2 

.  x  a0  C1  a  r,  -2\hi  fl  .  (X.a)8,  rl  w  .  w2 
+  - ¥TS -  L‘-e  J  |l  (1+  4  1  -Li -T  +  iy 

+  (1(2^2  ^)]e'2w/aJj  (82) 
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Next  one  calculates  the  strain  energy  in  the  ribbon,  which 
is  computed  from  its  deformation,  namely  Equations  (76)  and  (77)  evaluated 
on  the  plane  y  ~  0.  or 


u(x,  0)  =  Kx«r0x[l  -  Cle‘x/a] 


v(x,  0)  =  0 

such  that  in  the  ribbon,  where  properties  are  primed, 


(83) 

(84) 


W 


x 

•a 


R  ■  rrrbi  {r^  +  2} 

■  lu^j  V  'o2(t)  A1  -  (‘  -  r)  *‘x/A  <■* 

E'h' Ka<r*  ra/a  rl 

=  ~i(i":"v'Z)  Ca "  2cia j  (1 '  ^  e"e  +  ci2a|  (1  “ 

E'h'  K  2  o-  2 a  f  ,  i  ,  ,x 

_  ______  |i  .  2c^e  +  c  ^ 2  [(£Q  -  £  60*  ~  2  ^0  ‘  4)  e  0 

+  f]|  4q  *  1  (85) 

Finally  the  energy  contributed  by  the  applied  loading,  A,  is 

A  =  AxKV't1  -  cle"WA  e'Xy)J  d* 

0 

/w 

a  [K  aQh]  dx 


<rxKxtr0wth  "  cie"W/a  U  -  e_Xh)  +  FyKycr0hw 


(86) 


so  that  for  isothermal  conditions,  the  potential  energy  is 

V  *  f-  j(Kx  +  Ky>*  Vwh  -  2‘Kx  *  Ky)  KxVcl  7  X  <>  -  e_>lh>  *'w/a 

♦  V'oV  fa  <>  -  <?  ¥  -  7<T>2  -  ?>  e'2w/al 

•  • 

-  K  K  0-  2  wh  +  K  K  a  2c,  -  e "w/a  (1  _  e_X,h) 
xyO  xyOla  '  ' 

-2\hi 


\2K  2tr„2  c ,  2a3 
x 


°0  C1  a  f.  r,  ,  w  ,  ,,w>2i  -2w/a]  fir.  -2\h-il 

16 -  jl  -  [1  +  2  T  +  2<V)  ].  M^U-e  ]) 
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+ 


E'h'  K  2  <Tr}  a 
_ x  0 

2(1-  v'2) 


1  -  2  Cje"1  +  cr2  £  (1  -  e-2) 


(87) 


-  <t  K  <rn  wh 
x  x  0 


W  K  <rn  wh  +  a  K  <rn  w 
y  y  0  x  x  0 


(1 


-kh,  -w/a 
e  )  e 


At  this  point,  there  are  two  unknown  constants  to  be  deter¬ 
mined  by  minimizing  the  potential  energy  [Equation  (87)].  Whereas  in  the 
general  case,  one  might  desire  to  include  in  the  approximation  the  effect  of 
finite  specimen  boundaries,  it  is  sufficient  for  the  present  purpose  to  invoke 
the  fact  that  the  ribbon  dimensions  are  small,  sufficiently  so  that  exp(-w/a)«l 
and  exp(-Xh)<<l,  which  leads  to  the  algebraically  simpler  determining  con¬ 
ditions  (neglecting  also  noncontributory  terms  to  dV/dc,  and  8V/8X  ,  and 
denoting  the  remaining  ones  by  V') 


3V1 

2E»0SKxla* 


8Xa 


such  that 


8V1 

8(Xa) 


0 


1 

( Xa)2 


0 


8  V 
8  c 


i 

1 


4\a 


1 

2 


(89) 

(90) 


yielding 

(Xa)  =  2 

and 

_ 1 _ 

C1  “  e  f,  _L]  .  e  a  Eh/(3/4) 

4  L  e*  J  8  h  E'h'/(1  -  V2) 

where  the  relative  rigidity  parameter  (a/h)R  1 

a  1  a  Eh/(3/4)  _  Ea 

h  R  =  h  E'h'/(1  -  v'2)  ~  E'h' 

explicitly  appears  in  the  solution  as  expected. 


(91) 


(92) 


(93) 


The  approximate  displacement  and  strain  fields  can  now  be 
obtained  by  inserting  the  constants  from  Equations  (92)  through  (88)  into 
Equations  (76)  through  (80). 
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The  particular  one  of  interest  is  the  strain  in  the  ribbon. 
Its  displacement  is  the  same  as  the  matrix  at  y  =  0;  thus 


uR(x)  =  u(x,  0)  =  Kx<r0x  [l  -  Cje"x/a] 

and  because  the  gage  will  respond  to  the  average  strain  «R 

»a  3u 


w  /' 


Equation  (92)  gives 
< 


a  -  v  <r 

x  JL 


‘R  .  _  urW 

3x  x  ~  a 


1 


ax  “  V(rv 


[*-  T-] 


‘  [V  -  1]  +  4  t  .  EH/1V4) 

E  4  8  h  E'h'/(1  -  w,!) 

which  variation  is  plotted  as  the  solid  line  in  Figure  59. 


(94) 


(95) 


(96) 


i 

i 


1 


k  Figure  59.  Strain  Variation  in  Ribbon. 


Note  now  the  prediction  of  strain  when  there  is  no  ribbon, 
i.  e.  ,  the  situation  for  which  its  thickness  h'  -*  0.  The  correction  term 
vanishes  and  the  strain  along  y  =  0,  |x|<  a  is  exactly  that  of  the  undisturbed 
field.  At  the  other  limit,  that  of  inifinite  stiffness,  for  which  we  know  there 
can  (exactly)  be  no  strain  in  the  ribbon,  we  find  from  the  approximate  solu¬ 
tion  that 
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instead  of  zero.  Recognizing  that  the  energy  solution  usually  produces  a 
reasonably  functional  dependence  upon  the  parameters,  one  may  apply  an 
appropriate  ad  hoc  adjustment  to  Equation  (96)  by  multiplying  the 
second  or  correction  term  by  an  empirical  factor  to  ensure  that  t  =  0  for 
E'-oo  without  destroying  the  correct  behavior  at  the  other  extreme  when 
h1  -*  0.  The  pertinent  factor,  when  included,  gives  the  ad  hoc  effect  of  rela 
tive  ribbon-matrix  stiffness  upon  the  gage  response  shown  as  the  dotted 
design  curve  in  Figure  59,  based  on 


1 

rm e.2  _  i  -Eh/^c 

2(e2  -  1)  h  E'  h'/(l  -  v'2) 


=  1 


_ 1_ 

1  +  0.5  8 


Ea 

E'h' 


(98) 


(98a) 


which  depends  on  the  product  of  the  relative  moduli  and  the  thickness -to  - 
length  ratio  of  the  ribbon  gage.  Although  this  ad  hoc  correction  formula  is 
throught  to  be  satisfactory  for  the  initial  design  studies,  an  alternate 
improvement  is  possible  by  enlarging  the  approximating  series  [Equations 
(76)  and  (77)]  and  including  the  w/a  and  h/a  edge  effects. 


(80)  is 


The  average  shear  stress  at  the  gage,  using  Equation 

/a  rir  -  vor  ~|  .c,,  ?  c . 

V  (x,  0)  dx  =  G  —  -V  (\a)  ( — )  =  r-  —  (a  -vW  ) 
xy  '  L  E  Jv,\e/  3  e  v  x  y' 


(99) 

whereupon,  evaluating  for  the  infinite  rigidity  case  and  <rx  =  0  in  order  to 
compare  with  the  exact  solution  of  Equation  (71),  one  has 


0.63  =  0.63  t 

av 


exact 


(99a) 


so  that  some  idea  of  the  stress  ratio  correction  can  also  be  obtained. 


b.  Finite  Element  Analysis  of  Shear  Gage  Element 
(1)  Method  of  Analysis 

A  typical  semiconductor  shear  gage  element  is  shown  in 
Figure  54.  The  gage  consists  of  a  semiconductor  wire  embedded  in  either  a 
Solithane  or  propellant  matrix  cube.  The  experimental  calibration  of  the 
gage  employs  the  shear  calibration  specimen  shown  in  Figure  85  of  Reference 
2.  Typical  experimental  procedures  of  the  calibration  method  are  described 
in  Reference  2. 


Because  the  gage  matrix  is  of  the  same  material  as  the 
specimen  to  be  measured,  the  gage  interference  is  primarily  limited  to  the 
shear  cube  itself.  The  interaction  between  the  cube  and  the  specimen  will 


i 


1 


t 


t 
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be  minimal  but  is  influenced  somewhat  by  differences,  if  they  exist,  in  batch 
age  and  cure,  etc,  of  the  matrix  material.  As  a  result  of  the  above,  the 
analytical  aspects  of  calibration  effectively  can  be  split  into  two  problems: 

(1)  Analysis  of  the  cube  with  semiconductor  elements 

(2)  Analysis  of  the  shear  test  fixture 

Following  is  a  description  of  these  problems  and  a 
numerical  solution. 

(2)  Numerical  Solution 

A  half -inch  cube  of  matrix  with  an  embedded  semiconductor 
strain  gage  is  shown  in  Figure  60.  The  function  of  the  semiconductor  is  to 
measure  the  shear  stress  on  the  propellant  under  uniform  loading  of  the  cube 
faces.  Ideally,  if  the  gage  did  not  interfere  with  the  deformation  pattern  in 
the  cube,  the  correlation  between  the  strain  in  the  semiconductor  and  the 
shear  stress  on  the  faces  could  be  determined  from  simple  solutions.  How¬ 
ever,  the  semiconductor  creates  a  three-dimensional  field  that  must  be 
solved  by  numerical  techniques  in  order  to  correlate  the  semiconductor 
strain  and  applied  shear  stress.  In  addition,  the  sensitivity  to  other  induced 
stress  states  must  be  ascertained.  To  this  end,  a  numerical  investigation 
was  undertaken  in  which  four  load  cases  were  applied  to  the  cube,  as  shown 
in  Figure  61.  The  shear  load  case  is  of  primary  interest  because  this  will 
furnish  information  to  correlate  the  gage  readings  with  applied  shear  stress. 
The  normal  loads,  cases  No.  2  and  No.  3,  are  intended  to  show  their  possible 
effect  on  the  gage  readings.  The  last  load  case  considers  the  practical 
problem  of  gage  response  under  a  stress  gradient.  By  means  of  a  general 
purpose  finite  element  program,  which  can  solve  three-dimensional  problems, 
Reference  9,  the  shear  cube  gage  was  modeled  through  the  use  of  three- 
dimensional  finite  elements  for  the  matrix  and  axial  bar  elements  for  the 
semiconductor  wire,  Figure  62.  The  matrix  was  assumed  to  be  incompres¬ 
sible  (v  =  0.5)  and  the  extensional  modulus  was  taken  as  100  psi.  The  low 
modulus  corresponds  to  the  greatest  expected  interference  by  the  semicon¬ 
ductor  wires.  To  obtain  additional  calibration  information,  the  modulus 
must  be  varied  over  the  full  range  of  expected  values  as  in  Section  III. 3. 
However,  for  long -duration  loadings  or  quasi-static  loadings  at  elevated 
temperatures,  the  present  analysis  provides  some  basic  calibration 
information. 

(3)  Results  and  Discussion 

For  each  load  case  Table  XI  lists  the  average  strain  in  the 
semiconductor  elements  and  the  ratio  of  this  "strain"  to  the  "strain"  that 
would  be  present  without  the  wires.  The  low  values  of  these  ratios  indicates 
that  the  wire  interferes  significantly  with  the  local  response  in  the  immediate 
vicinity  of  the  wires.  However,  the  global  deformation  pattern  on  the  sur¬ 
faces  of  the  cube  was  found  to  be  within  6  percent  of  that  of  an  equivalent  cube 
with  no  gage.  Thus,  there  are  only  minor  errors  in  applying  the  results  to 
a  calibration  fixture  analysis  without  the  gage. 
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SEMI-CONDUCTOR  WIRES  IMBEDDED  IN  XV  PLANE 
WITH  APEX  AT  (1/4, 1/4,0)  AND  ORTHOGONAL  LEGS 
EACH  1/4  INCH  LONG  AT  45°  FROM  THE  HORIZONTAL 


Figure  60.  Configuration  of  Propellant  with  Semiconductor  Elements. 
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MESH*.  144  CONTINUUM  ELEMENTS  (8  NODE  BRICKS)  FOR  PROPELLANT 
4  BAR  ELEMENTS  FOR  SEMI-CONDUCTOR  WIRE 
268  NODES 

MATERIALS:  PROPELLANT:  E  =  100  PSI,  v  =  0.5 

WIRE:  E  -  2.7  x  106  PSI,  AREA  =  2.5  x  10"5 

(HALF  OF  WIRE  AREA  USED  IN  SYMMETRIC  MODEL) 

Figure  62.  Cutaway  View  of  Symmetrical  Half  of  Propellant  Cube  with 
Embedded  Wire. 
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TABLE  XI 

AXIAL  STRAINS  IN  SEMICONDUCTOR  ELEMENTS 


Left  Wire _  _ Right  Wire 


Load  Case 

Average  Strain 
(in. /in.  x  10-3) 

Ratio* 

Average  Strain 
(in. /in.  x  10"3) 

Ratio 

Shear,  No.  1 

-2.287 

0.15 

+  2.287 

0. 15 

Normal  Y,  No.  2 

+  0.3759 

0.15 

+  0.3759 

0. 15 

Normal  X,  No.  3 

+  0.3759 

0. 15 

+  0.3759 

0.  15 

Gradient,  No.  4 

+  0. 1262 

0. 14 

-0.  1262 

0.  14 

*  The  ratio  is  determined  by  dividing  the  strain  listed  in  the  table  by  the 
corresponding  strain  in  a  cube  with  no  wire. 
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Inspection  of  the  strain  values  in  Table  XI  shows  that  the 
gage  is  most  sensitive  to  shear  loadings  inasmuch  as  these  strains  are  an 
order  of  magnitude  higher  than  strains  arising  from  the  other  load  cases. 
Moreover,  it  is  evident  from  the  signs  of  the  strains  that  subtracting  the 
strain  of  one  eg  from  the  other  would  have  the  effect  of  doubling  the  shear 
response  reading  and  at  the  same  time  eliminating  the  response  from  uni¬ 
form  normal  pressures.  Loadcase  No.  4,  normal  pressure  gradient,  does 
influence  the  shear  reading. 

If  the  gage  is  utilized  in  a  region  of  high  shear  and  low 
normal  stress  gradients,  reasonably  accurate  measurements  should  be 
obtained.  If,  however,  the  gage  is  used  in  a  region  of  low  shear  and  high 
normal  stress  gradient,  the  gage  readings  will  be  unreliable. 

The  process  of  discarding  "bad"  gages,  discussed  in 
Reference  2,  is  suspect.  It  is  possible  that  considerable  normal  stress 
gradients  and  shears  exist  in  the  specimen  under  normal  loads.  The  fact 
that  the  gages  give  considerable  readings  is  not  at  all  surprising,  especially 
if  they  are  located  off  the  symmetry  axis.  It  has  not  been  possible  under 
this  contract  to  perform  all  the  analyses  necessary  to  "calibrate"  the  shear - 
cube  test  specimen.  These  analyses  are  essential  for  a  complete  under¬ 
standing  of  the  s' /stem. 

3.  EXPERIMENTAL  DATA 

a.  Static  Tests  in  Shear  Fixture 
(1)  Shear  Test  Fixture 

Figure  63  shows  a  sketch  of  the  inert  propellant  shear  test 
fixture  containing  four  cubes  for  evaluation.  Shear  cubes  No.  1  and  No.  2  were 
manufactured  with  Kulite  PGP- 1000-300  semiconductor  gages,  0.30-inch  long 
and  1000-ohm  resistance.  Shear  cubes  No.  3  and  No.  4  were  made  with  Kulite 
PFP-500-090  semiconductor  gages,  0,09-inch  long  and  500-ohm  resistance. 
The  short  500-ohm,  0.90-inch -long  gages  are  preferred  for  making  shear 
cubes,  but  unfortunately  they  are  much  more  delicate  than  the  1000-ohm, 

0.3 0-inch -long  gages.  In  fact,  gage  No.  4  was  found  to  be  inoperative  after 
cure  of  the  test  fixture,  one  gage  being  broken.  The  remaining  three  shear 
cubes  were  connected  into  bridge  circuits  as  shown  in  Figure  64,  With  a 
28-volt  supply  the  1000-ohm  circuits  had  a  bridge  voltage  of  2.55  volts, 
whereas  the  500-ohm  gage  had  a  bridge  voltage  of  1.83  volts. 

Unfortunately,  in  Shear  cube  No.  3,  made  with  the  delicate 
500-ohm  semiconductor  gages  type  PFP-500-090,  an  internal  connection 
broke  during  the  setting  up  process  and  the  cube  became  inoperative. 

The  shear  gages  also  appeared  to  exhibit  variation  in  sen¬ 
sitivity  attributable  to  poor  initial  zero  reading.  For  this  reason,  the  shear 
gage  calibration  tests  were  performed  by  applying  shear  loads  in  opposite 
directions  so  as  to  avoid  cumulative  zero  shifts  during  testing.  The  loads 
reversal  was  obtained  in  practice  by  reversing  the  shear  specimen  in  the 
test  fixture. 
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A  later  Investigation  o£  the  difference  in  sensitivity  between 
the  two  directions  of  loading  revealed  that  the  most  probable  cause  of  the 
discrepancy  was  a  very  small  difference  in  the  lengths  of  the  two  wooden 
outer  support  pieces.  Thus,  when  a  load  was  applied  to  the  center  wooden 
bar  of  the  shear  fixture,  the  loads  carried  by  the  two  side  pieces  were  not 
identical,  thereby  applying  slightly  different  loads  to  the  shear  cubes  when 
the  text  fixture  was  reversed. 

Typical  data  obtained  by  the  specimen  inversion  technique 
just  described  are  presented  in  Figure  65. 

Data  from  both  shear  cubes  are  presented  to  show  their 
similarity.  The  variation  in  gage  reading  under  "zero  load"  conditions  is 
obvious  from  the  data.  Thus  for  shear  cube  No.  2,  the  initial  zero  load 
reading  was  -22.7  mv.  After  the  first  shear  load  was  removed,  the  gage 
reading  reverted  to  -24.4  mv  and,  upon  inverting  of  the  specimen,  the  gage 
reading  became  -19.0  mv.  After  removal  of  the  second  shear  load,  the 
shear  cube  reading  fell  to  -16.6  mv  at  the  end  of  the  test.  Thus  an  error 
band  of  -24.4  to  -16.6  mv  (i.  e.  ,  7.8  mv)  was  obtained  during  this  test 
sequence,  which  represents  0.25 -psi  total,  or  a  ±0. 125-psi  error  band. 

Although  this  error  band  is  probably  small  enough  to  be 
neglected  in  practice,  it  can  still  make  precise  laboratory  calibrations 
difficult  to  perform. 

(2)  Creep  Tests  on  Inert  Propellant  Shear  Fixture  No.  1 

A  series  of  constant  load  creep  tests  was  performed  on 
the  inert  propellant  shear  fixture  over  the  temperature  range  of  +166  to 
-35°F.  A  10-pound  deadweight  was  used  to  produce  a  step  stress  of  1.667  psi 
in  the  specimen,  and  an  LVDT  was  mounted  to  monitor  the  displacement  of 
the  central  rod  of  the  specimen.  The  signals  from  the  LVDT  and  the  two 
shear  gages  were  recorded  on  a  galvanometer  recorder,  and  the  tests  were 
monitored  for  10  minutes. 

Inverse  creep  compliance  was  calculated  and  the  data 
shifted  to  produce  the  master  curve  of  inverse  creep  compliance  versus  log 
reduced  time  shown  in  Figure  66.  The  shift  factors  obtained  are  plotted 
against  temperature  in  Figure  67.  It  may  be  noted  that  the  shift  factor 
values  are  very  similar  to  the  uniaxial  test  data,  which  are  also  presented 
in  this  figure. 


Figure  68  shows  the  shear  gage  sensitivity  data,  mv/psi, 
plotted  against  log  reduced  time.  The  same  shift  factors  found  from  the 
compliance  data  were  used  to  obtain  the  reduced  data  curves.  It  appears 
that  there  is  no  need  for  a  vertical  shift  factor  to  produce  a  smooth  curve. 
(This  is  particularly  true  of  gage  SH  1;  gage  SH  2  would  benefit  from  the 
use  of  small  vertical  shift  factors  between  71  and  10°F.) 

A  more  significant  aspect  of  the  shear  gage  behavior  i6 
shown  by  the  data  obtained  at  166°F.  The  gages  show  a  distinct  loss  in  sen¬ 
sitivity,  attributable,  most  probably,  to  a  loss  of  adhesion  between  the  semi¬ 
conductor  strain  gage  elements  and  the  inert  propellant  substrate. 
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Figure  65.  Inert  Propellant  Shear  Specimen  N 
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Figure  67,  Log  Shift  Factors  versus  Temperature,  Inert  Propellant 
Shear  Fixture  No.  1. 
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Methods  of  overcoming  this  problem  have  not  yet  been 
determined.  Use  of  a  resin  system  with  a  higher  cure  temperature  may 
produce  a  better  gage  than  the  existing  system,  but  there  is  no  evidence  at 
present  that  this  assumption  is  correct.  There  is  no  doubt  that  the  problem 
is  a  function  of  temperature,  because  the  gage  slippage  appears  to  become 
progressively  worse  at  higher  temperatures.  The  available  shear  gages 
may,  therefore,  produce  a  higher  error  in  the  measured  stress/strain  values 
at  elevated  temperature.  For  precision  in  the  data,  the  gages  should  not  be 
used  at  temperatures  greater  than  approximately  100°F. 

(3)  Relaxation  Tests  on  Inert  Propellant  Shear  Fixture 

A  series  of  tests  consisting  of  ramp  loading  plus  constant 
strain  was  also  performed  on  the  double  overlap  shear  fixture.  The  data 
from  these  relaxation  tests  are  presented  in  Figures  69  and  70;  the  log  a-p 
shift  factors  obtained  are  plotted  on  Figure  67.  Figure  69  shows  the  stress 
relaxation  modulus  data  plotted  against  log  reduced  time  and  the  gage  sensi¬ 
tivity,  in  mv/psi,  to  an  applied  stress,  also  plotted  against  log  reduced  time. 

Gage  sensitivity  to  the  applied  strain  is  plotted  in  Figure 
70.  Examination  of  these  data  curves  shows  that  the  gage  sensitivity  data 
shift  along  the  log  time  axis  produces  relatively  smooth  reduced  data  curves 
without  the  need,  as  in  the  case  of  the  creep  test  data,  for  the  additional 
vertical  shift  factor. 

The  reduction  in  gage  sensitivity  at  high  temperatures  is 
apparent  in  the  14  0°F  test  data. 

(4)  Comparison  Between  Creep  and  Relaxation  Data 

The  stress  relaxation  modulus  curve  is  plotted  against  the 
inverse  creep  compliance  data  in  Figure  66,  and  the  log  ax  shift  factors  for 
the  creep  and  compliance  data  are  shown  together  in  Figure  67.  The  log  ap 
shift  factors  for  the  creep  and  relaxation  tests  are  very  similar,  as  can  be 
observed  in  Figure  67. 

The  inverse  creep  compliance  is,  however,  must  larger 
than  the  relaxation  modulus  across  the  whole  reduced  time  range.  Because 
of  this  discrepancy,  the  specimen  was  again  tested  in  the  Instron  testing 
machine  with  the  LVDT  (as  used  for  the  creep  tests)  in  place  to  monitor  the 
crosshead  displacement,  used  to  determine  the  stress  relaxation  modulus. 

It  was  found  that  the  LVDT  displacement  data  and  the  Instron  crosshead 
motion  were  in  close  agreement  and  verified  the  correctness  of  the  inverse 
creep  compliance  data. 

It  is  interesting  to  note  that  the  discrepancy  between  the 
creep  and  relaxation  data,  which  is  of  the  order  of  two  times  at  log  reduced 
times  between  3.0  and  -3.0,  increases  at  short  reduced  times  (log  t/a-j.  = 

-7.0).  This  suggests  that  the  flexibility  of  the  Instron  testing  machine  may 
be  partially  responsible  for  the  discrepancy.  (As  the  specimen  gets  colder 
and  stiffer,  the  Instron  frame  begins  to  absorb  a  portion  of  the  applied  load 
and  the  actual  specimen  extension  is  less  than  the  cro3fshead  movement.) 
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Shear  Relaxation  Modulus  and  Gage  Sensitivity  to  Stress  versus  Reduced  Ti 
Inert  Propellant  Shear  Test  Fixture  No.  1. 


Figure  70.  Gage  Sensitivity  to  Strain  versus  Reduced  Time,  Inert  Propellant  Shear  Test  Fixture  No 
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The  shear  gage  sensitivities  (mv/psi)  obtained  during  the 
creep  and  relaxation  tests  appear  to  be  quite  different  on  the  basis  of  the 
data  curves  of  Figures  68  and  69.  However,  this  difference  between  the 
gage  sensitivities  is  caused  almost  entirely  by  the  difference  in  moduli 
between  the  relaxation  data  and  the  creep  data.  This  may  be  observed  from 
Figure  71,  in  which  the  gage  sensitivities  are  plotted  against  modulus  (or 
inverse  creep  compliance).  There  is  still  a  difference  between  the  creep 
and  the  stress  relaxation  data,  but  not  as  great  as  appears  in  the  earlier 
data  plots. 


Gage  sensitivity  versus  modulus  is  not  the  same  simple 
function  of  modulus  that  was  obtained  for  the  diaphragm  gage  (see  Figure  2  5). 
It  is,  however,  a  simple  type  of  curve  until  the  higher  temperatures  are 
achieved,  when  the  loss  in  sensitivity  with  temperature  becomes  marked. 

(5)  Shear  Creep  Tests  on  STV  Propellant  Shear  Fixture  No.  2 

Another  double  overlap  type  of  shear  specimen  was  made 
with  STV  propellant  0064-6  IE.  The  specimen  was  identical  to  that  shown 
in  Figure  63,  and  contained  four  shear  gages.  Three  of  the  gages  made 
with  the  Kulite  PGP- 1000-300  semiconductor  strain  gage  sensing  elements 
operated  throughout  the  testing  program.  As  in  the  case  of  the  data  shown 
in  Figures  68  and  69,  the  shear  gages  showed  almost  identical  performances 
throughout  the  tests.  Therefore,  only  one  set  of  the  shear  gage  data  is 
presented. 


The  inverse  creep  compliance  and  the  gage  sensitivity  to 
stress  (mv/psi)  are  plotted  against  reduced  time  in  Figure  72.  It  was 
necessary  to  use  a  vertical  shift  factor,  b-j>,  to  obtain  the  smooth  curve 
shown. 


The  data  for  log  aj  versus  temperature  are  given  in 
Figure  73,  and  the  vertical  shift  factors  are  plotted  against  temperature  in 
Figure  74. 


The  sensitivity  data  for  the  live  and  the  inert  propellant 
specimens  are  very  similar,  as  may  be  seen  from  a  comparison  of  Figures 
69  and  72.  The  live  propellant  gage  is,  however,  slightly  more  sensitive. 
Consequently,  the  sensitivity  values  for  this  gage  were  factored  by  0,733 
before  being  plotted  against  propellant  modulus  in  Figure  71. 

Although  the  two  sets  of  data  are  not  identical,  there  is 
a  great  similarity  between  the  shear  gage  sensitivities  in  the  inert  and  the 
live  propellants.  The  differences  are  most  probably  due  to  minor  adhesion 
or  bridge  voltage  differences. 
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Figure  71.  Shear  Gage  No.  1  Sensitivity  to  Stress  for  Creep  and  Relaxation  Tests  versus  Modulus. 
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Figure  72.  Inverse  Creep  Compliance  and  Gage  Sensitivity  versus  Log 

Reduced  Time  for  Live  Propellant  (0064 -6  IE)  Shear  Specimen. 
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Figure  74.  Vertical  Shift  Factor s  b'p  versus  Temperature,  0064-61E 
Propellant  Shear  Specimen, 
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(6)  Normal  Stress  Tests  on  0064-61E  Shear  Fixture 

Normal  stress  tests  were  carried  out  on  the  live  propel¬ 
lant  shear  test  fixture  using  the  experimental  test  setup  illustrated  in 
Figure  75.  Data  at  three  temperatures,  plotted  against  reduced  time,  are 
shown  in  Figure  76.  The  gage  sensitivity  to  shear  stress  is  also  plotted  on 
the  same  figure  for  comparison  purposes.  The  gage  sensitivity  to  normal 
stress  is  seen  to  be  approximately  cr.  order  of  magnitude  less  than  the  sen¬ 
sitivity  to  shear  stress.  It  is  actually  better  than  this  at  the  higher  tem¬ 
peratures,  where  it  approaches  a  factor  of  30  times  smaller  than  the  shear 
sensitivity.  Although  this  appears  to  be  a  satisfactory  situation,  it  should 
be  remembered  that  the  shear  gage  is  extremely  sensitive,  so  that  its  sen¬ 
sitivity  to  normal  stress  is  still  some  2.5  times  greater  than  that  of  the  150- 
psi  diaphragm  stress  gage  at  70°F.  Therefore,  under  conditions  of  low 
shear  and  high  normal  stress,  the  shear  gage  will  tend  to  provide  misleading 
readings . 

b.  Static  Tests  on  Diametral  Compression  Specimen 

(1)  Spe cimen  Details 

The  diametral  compression  specimen  consists  of  a  1.0- 
inch-thick,  3.0 -inch-diameter  disc  of  inert  propellant  with  semiconductor 
strain  gage  elements  bonded  to  the  surfaces  as  shown  in  Figure  77.  One 
pair  of  gages  at  right  angles  is  mounted  on  each  surface  as  close  to  the 
center  of  the  disc  as  possible.  This  pair  of  gages  comprises  a  shear  gage; 
and  the  shear  gage  on  the  opposite  face  of  the  specimen  is  aligned  at  45 
degrees  to  the  first  shear  gage,  as  shown  in  Figure  77. 

Under  the  action  of  a  vertical  compressive  load,  a  vertical 
compressive  stress  -c rc  is  obtained  in  conjunction  with  a  horizontal  tensile 
stress  of  one-third  the  magnitude.  Therefore,  by  rotating  the  disc  in  rela¬ 
tion  to  the  direction  of  the  applied  load,  the  stresses  applied  to  the  shear 
cube  elements  can  be  varied  between  +crc/3  and  -trc.  This  test  may  be 
employed  to  investigate  the  performance  of  the  shear  gages  in  a  complex, 
tens ile -compress ive  stress  field. 

(2)  Loads  Analysis  for  Diametral  Specimen 

Under  a  vertically  applied  diametral  force  F,  a  vertical 
compressive  stress 

-6F 

°y  "  nDt 

where  D  =  diameter  of  specimen  and  t  =  thickness  of  specimen,  and  a 
horizontal  tensile  stress 

2F 

°x  ”  nDt 

are  produced  at  the  center  of  the  disc.  The  third  stress  i rz  is  zero  and 
there  is  no  shear  stress  in  the  x  or  y  directions.  The  maximum  shear  stress, 
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Figure  75.  Shear  Calibration  Fixture  Arranged  for  Normal  Shear  Test. 
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Figure  77.  Sketch  of  Inert  Propellant  Diametral  Shear  Gage  Specimen. 
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is  obtained  at  a  45 -degree  orientation  to  the  applied  force.  The  normal 
stress  on  the  45  and  135 -degree  planes  is  compressive  and  is  given  by  the 
relationship 

cr  0  = 

45°  nDt 


This  stress  field  may  be  determined  from  the  Mohr  Circle  diagram  of 
Figure  78,  and  from  these  data  the  shear  cube  outputs  may  be  calculated 
for  various  orientation  angles. 

When  the  semiconductor  sensing  elements  are  aligned  at 
0  and  90  degrees  to  the  applied  force,  the  0-degree  gage  reacts  to  the  cry 
vertical  stress  and  the  90-degree  gage  reacts  to  the  crx  horizontal  tensile 
stress.  Thus  the  gage  output 

E0  «  (0"y  “  <TX) 


but 


c r 

y 


<r 

x 


2  T 


.xy. 

sin  20 


2  t  (0  =  45°,  sin  20  =  1) 

x^45° 


Thus,  the  gage  output  E0  is  proportional  to  twice  the  maximum  shear  stress 
at  a  45 -degree  orientation  to  the  applied  force, 

If  the  semiconductor  sensing  elements  are  aligned  at  45 
and  135  degrees  to  the  direction  of  the  applied  force,  then  the  gage  output 


J45 


°45  "  *135 


and  since 


45 


=  O' 


135 


-2F 
TT  Dt  ' 


E 


45 


=  0 


i.  e.  ,  the  output  of  the  gage  when  orientated  at  45  degrees  to  the  applied 
force  should  be  zero. 

(3)  Experimental  Test  Results 

Tests  were  made  with  the  diametral  specimen  at  orienta¬ 
tions  of  0,  45,  90,  and  135  degrees.  In  each  case  the  test  consisted  of  a 
ramp  loading  for  1.5  minutes  followed  by  a  10-minute  relaxation  period, 
after  which  the  crosshead  was  lowered  at  the  0.02  in. /min  speed  to  remove 
the  load.  Although  slight  differences  were  obtained  from  one  test  to  another, 
a  typical  load-versus -time  record  is  as  shown  in  Figure  79.  Also  shown  in 
Figure  79  are  curves  for  the  output  of  the  shear  cubes  aligned  at  0/90  and 
45/135  degrees  to  the  direction  of  the  applied  force. 
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Figure  79. 


TIME  (min) 


diametral  Compression  Test  Data. 
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Figure  80  shows  the  shear  cube  sensitivities  in  mv/pai 
shear  obtained  for  both  gages  and  for  the  four  test  runs. 

The  following  conclusions  may  be  drawn  from  the  results 

of  the  tests: 

(1)  The  shear  cubes  will  operate  in  a  biaxial  stress  field  and 
produce  a  gage  output  proportional  to  the  shear  stress. 

(2)  Both  gages  are  imperfect  and  produce  a  spurious  signal 
when  aligned  at  45  degrees  to  the  load,  in  which  case  the 
shear  stress  should  be  zero.  This  cross  sensitivity  is 
approximately  10  percent  of  the  normal  sensitivity  (which 
agrees  with  the  data  of  Figure  76). 

The  data  shown  in  Figure  80  suggest  that  the  gages  do  not 
give  such  accurate  data  during  the  ramp  loading  phase  of  the  test  as  during 
the  relaxation  portion.  This  problem  may  be  a  function  of  the  gages,  or, 
alternatively,  it  may  result  from  permanent  deformation  of  the  disc  under 
the  high  stresses  caused  by  the  near -point  loading.  This  latter  explanation 
is  also  suggested  by  the  very  poor  correlation  between  the  stresses  and  the 
gage  readings  under  the  unloading  conditions.  The  gage  readings  do  not 
revert  to  their  initial  values,  almost  certainly  because  of  permanent 
deformation. 

To  evaluate  the  performance  of  the  shear  gages  under 
ramp  loading  conditions,  the  inert  propellant  shear  specimen  was  tested 
under  a  similar  ramp  loading  followed  by  relaxation  test  cycle.  Tests 
were  performed  at  crosshead  rates  of  0.005  and  0.01  in. /min;  results  are 
given  in  Figures  81  and  82.  Figure  81  shows  the  Instron  force -versus -time 
curves  for  the  two  rates  and  the  corresponding  shear  gage  data -versus -time 
curves.  The  similarity  between  the  curves  is  emphasized  in  the  curves  of 
Figure  82,  in  which  the  gage  response  (mv/psi)  is  plotted  against  time. 

There  is  no  obvious  difference  between  the  gage  response  during  ramp 
loading  and  during  stress  relaxation,  such  as  v'as  obtained  with  the  diametral 
specimen  data  (Figure  80).  Thus  the  poor  correlation  for  the  diametral  test 
ramp  loading  data  is  not  inherent  in  shear  gages,  and  there  is  no  reason  to 
assume  that  the  shear  gages  will  not  respond  properly  at  high  rates  of  loading. 

The  results  of  the  diametral  compression  specimen  test 
show  that  the  shear  gages  will  respond  with  reasonable  accuracy  in  biaxial 
tension-compression  stress  fields. 

c.  Vibration  Tests  on  Inert  Propellant  Shear  Specimen 
(1)  Experimental  Apparatus 

The  experimental  apparatus  used  for  the  vibration  tests  on 
the  shear  specimen  was  shown  earlier  in  Figure  34.  The  shear  fixture  was 
clamped  rigidly  along  both  edges  and  a  small  electrodynamic  exciter  was 
used  to  apply  a  cyclic  force  to  the  end  of  the  central  rod.  In  the  initial 
experiments,  a  small  resistor  in  series  with  the  exciter  coil  was  used  to 
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Figure  82.  Shear  Gage  Response  versus  Log  Time,  Shear  Specimen  No. 
Ramp  Loading  and  Stress  Relaxation  Tests. 
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obtain  a  force  signal  (proportional  to  the  current  through  the  coil).  The 
resistor  output  was  first  calibrated  against  a  load  cell  at  frequencies  from 
10  to  1000  Hz.  A  constant  cyclic  force  of  10  pounds  (peak  to  peak)  was  then 
applied  to  the  shear  specimen,  and  the  force  signal  and  the  shear  gage  output 
were  photographed  from  the  face  of  a  cathode  ray  oscillograph.  Shear  gage 
output  and  phase  lag  were  determined  for  a  constant  force  input  to  the  fixture. 

In  a  later  series  of  tests,  the  displacement  of  the  central 
rod  was  measured  by  means  of  an  LVDT.  This  enabled  values  for  the  dyna¬ 
mic  propellant  modulus  to  be  determined  in  addition  to  the  response  of  the 
gages  for  a  displacement  input. 

(2)  Experimental  Vibration  Data 

The  experimental  results  obtained  from  the  series  of 
experimental  vibration  tests  on  the  inert  propellant  shear  specimen  are 
given  in  Tables  XII,  XIII,  and  XIV,  and  in  Figures  83  through  85. 

A  pronounced  reasonance  in  the  test  fixture  was  noted  at 
390  Hz  and  the  data  show  this  effect:  a  dip  appears  in  the  modulus  curve  of 
Figure  83  and  sharp  peaks  are  observed  in  the  gage  sensitivity  curves  of 
Figure  84.  This  peak  is  accompanied  by  a  change  in  phase  angle  from  14 
through  90  degrees  at  approximately  390  Hz,  on  to  160  degrees  at  700  Hz. 

The  phase  angle  curves  also  suggest  that  another  resonance  was  obtained 
at  approximately  1500  Hz  but  was  not  detected  experimentally. 

The  data  curves  show  that  the  shear  gages  operate 
reasonably  well  for  the  measurement  of  dynamic  shear  stress  or  strain 
at  frequencies  up  to  approximately  500  Hz,  and  with  reduced  sensitivity  to 
stress  up  to  1000  Hz. 

The  response  to  shear  strain  is  the  least  complex  curve 
shown,  and  gage  sensitivity  to  strain  appears  to  increase  slowly  as  the  pro¬ 
pellant  modulus  increases  (with  increasing  frequency). 

As  in  the  case  of  the  uniaxial  test  fixture,  the  resonance 
observed  appears  to  be  the  simple  mass -spring  system  resonance  of  the 
moving  parts  of  the  vibrator  and  the  propellant  shear  specimen  (acting  as 
a  damped  spring). 


Based  on  the  results  obtained  for  the  uniaxial  specimen, 
it  was  decided  not  to  perform  more  tests  on  the  shear  fixture  at  different 
temperatures.  It  was  anticipated  that  the  results  would  be  very  similar  to 
those  of  Figure  84,  except  that  the  resonant  frequency  would  increase  as  the 
temperature  was  decreased.  Also,  the  gage  sensitivity  to  stress  would  be 
lower  at  the  lower  temperatures  because  of  the  higher  propellant  modulus. 

4.  COMPARISON  BETWEEN  ANALYSIS  AND  EXPERIMENT 

The  analyses  presented  earlier  in  this  section  do  not,  unfortunately, 
give  much  in  the  way  of  concrete  data  or  predicted  curves  for  comparison 
with  the  experimental  data.  These  analyses  are,  in  fact,  preliminary  and 
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TABLE  XII 

SHEAR  GAGE  RESPONSE  TO  CONSTANT  CYCLIC 
INPUT  FORCE  AT  75°F 


F  requency 
(H2) 

Force 

(lb) 

Shear 

Stress 

(psi) 

SH-1 

SH-2 

Response 

(mv/psi) 

Phase 

Angle 

(deg) 

Response 

(mv/psi) 

Phase 

Angle 

(deg) 

10 

10 

1.67 

21.0 

14 

30.6 

7 

20 

10 

1.67 

- 

- 

28.8 

7 

50 

10 

1.67 

16.8 

18 

24.0 

18 

100 

10 

1.67 

16.2 

14 

24.0 

14 

200 

10 

1.67 

12.3 

14 

18.0 

14 

390 

10 

1.67 

28.8 

65 

46.7 

79 

500 

10 

1.67 

13.2 

108 

16.2 

135 

700 

10 

1.67 

6.5 

150 

9.0 

149 

1000 

10 

1.67 

3.84 

158 

5.8 

159 

2000 

~  8 

1.33 

3.15 

65 

b.2 

58 

5000 

~  4 

0.67 

6.0 

279 

6.0 

270 

-153- 


LOOKHIID  MOPUUIION  COMPANY 


AFRPL-TR-72-29 


TABLE  XIII 

SHEAR  SPECIMEN  DYNAMIC  MODULUS  DATA  AT  7  5°F 


F  requency 
(Hz) 

F  or  ce 
(lb) 

Shear 

Stress 

(psi). 

Displacement 

(in 

thousands ) 

Shear 

Strain 

(%) 

Phase 

Angle 

(deg) 

Shear 
Modulus 
G*  (psi) 

10 

13.6 

2.28 

3.0 

0.30 

32 

760 

20 

13.1 

2. 19 

2.2 

0.22 

36 

995 

50 

13.6 

2.26 

1.4 

0. 14 

85 

1,615 

100 

22.3 

3.72 

1.6 

0.16 

94 

2,320 

200 

45.0 

7.50 

2.0 

0.20 

94 

3,750 

300 

18.1 

3.02 

1.0 

0. 10 

118 

3,020 

400 

20.0 

3.33 

0.9 

0.09 

194 

3,700 

500 

53.0 

8.75 

0.7 

0.07 

225 

12,650 

700 

45.0 

7.50 

0.2 

0.02 

248 

37,500 

1000 

19.0 

3.17 

0.2 

0.02 

275 

15,850 

TABLE  XIV 

SHEAR  GAGE 

RESPONSE  TO  CYCLIC 

STRAIN  INPUT  AT 

7  5°F 

F  requency 
(Hz) 

Displacement 

(in 

thousands ) 

Shear 

Strain 

(%) 

Gage 

SH-1 
(mv/Y ) 

Gage  SH-1 
Phase 
Angle  (deg) 

20 

2.00 

0.20 

230 

29 

50 

2.50 

0.25 

280 

63 

100 

1.50 

0.  15 

533 

72 

200 

1.25 

0.  125 

672 

58 

300 

0.90 

0.09 

910 

79 

400 

0.60 

0.06 

1 165 

87 

500 

0.60 

0.06 

1470 

90 

700 

0.25 

0.025 

1600 

84 

1000 

0.10 

0.01 

3000 

- 
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need  supplementing  and  extending  by  more  detailed  analyses  if  quantitative 
data  such  as  that  presented  for  the  diaphragm  gage  in  the  uniaxial  test  fix¬ 
ture  are  required. 

In  general,  the  qualitative  predictions  appear  valid.  Thus,  the 
analysis  predicts  that  the  shear  gage  should  give  zero  output  under  normal 
stress  conditions.  In  practice,  because  of  either  stress  gradients  or  because 
the  sensing  elements  of  the  shear  gages  were  not  precisely  oriented  at  90 
degrees  to  each  other,  all  the  shear  gages  evaluated  in  this  program  showed 
about  a  10-percent  cross -sensitivity  to  normal  stress.  In  many  instances, 
this  error  will  not  be  significant,  but  in  others  - -particularly  those  wherein 
the  shear  component  is  small  and  strong  normal  stresses  are  observed--a 
large  error  in  the  stress  readings  may  be  obtained. 

Although  the  analyses  at  this  stage  have  not  proceeded  so  far  as  to 
predict  the  behavior  of  the  gage  for  a  range  of  modulus  values,  the  experi¬ 
mental  data  strongly  suggest  that  there  is  an  intrinsic  relation  between  gage 
response  to  stress  and  the  propellant  modulus. 


4 


-158- 


lockhicc  mohilsion  commny 


> 

► 


l 


* 


SECTION  V 

NONISOTHERMAL  PROPELLANT  RESPONSE 


1.  INTRODUCTION  TO  PROBLEM 

During  the  past  several  years  various  papers  have  been  published 
(References  1,  2  and  10)  in  which  it  has  been  shown  that  existing 
capability  to  predict  the  thermal  stress  induced  in  a  bar  or  sheet  of  pro¬ 
pellant  by  restrained  thermal  cooling,  or  thermal  cooling  plus  some 
mechanical  deformation,  was  very  poor.  Errors  in  the  predicted  stress 
values  from  thermoviscoelastic  analyses  ranged  from  600  to  2000  percent 
too  low,  i.  e.  ,  the  analysis  predicted  thermal  stress  levels  somewhere  be¬ 
tween  one-half  and  one-sixth  of  those  measured  experimentally. 

This  is  obviously  an  unsatisfactory  state  of  affairs  and  this  section 
of  the  final  report  is  concerned  with  methods  of  improving  the  analytical 
methods  of  predicting  thermally  induced  stresses  in  propellant  bars.  The 
approach  used  herein  is  to  consider  the  definition  of  "reduced  time"  as  the 
main  cause  of  the  error  and  to  make  use  of  alternative  approaches  to  defining 
reduced  time. 

In  a  later  section  of  this  report,  Professor  Schapery  considers  non¬ 
linear  propellant  behavior  due  to  dewetting  as  a  possible  cause  of  inaccuracy 
in  predicting  thermally  induced  stresses  (and  strains). 

The  basis  of  our  contention  that  the  problem  lies  in  the  definition  of 
reduced  time  was  presented  in  last  year's  final  report  (Reference  2).  The 
curves  shown  in  Figure  86  are  repeated  in  this  section  to  point  out  the  basic 
problem.  If  the  thermoviscoelastic  computer  code  is  used  to  predict  the 
stress  for  the  constant  strain  rate-relaxation-constant  strain  rate  tests 
shown  in  Figure  86,  then  the  predicted  data  are  in  reasonable  agreement  with 
the  measured  data  for  temperatures  from  77  to  -65°F.  A  maximum  error  of 
about  40  percent  is  obtained  under  these  isothermal  test  conditions,  which  is 
tolerable. 

Use  of  the  same  input  data  and  the  same  thermoviscoelastic  com¬ 
puter  code  to  calculate  the  stress  under  a  restrained  thermal  cooling  condi¬ 
tion  will  lead  to  an  error  in  the  calculated  thermal  stress  values  of  at  least 
a  factor  of  two  times,  the  calculated  values  being  low. 

It  is  believed,  therefore,  that  the  error  must  occur  in  the  determi¬ 
nation  of  the  transient  modulus  for  a  given  time  and  temperature  and  this, 
of  course,  depends  upon  the  definition  of  reduced  time. 

2.  MODIFIED  DEFINITION  FOR  REDUCED  TIME 

The  above  observations  suggest  that  the  problem  area  with  the  cal¬ 
culations  is  in  the  method  of  determining  the  time-dependent  modulus  during 
changing  temperature  condi cions. 
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The  standard  technique  is  based  on  the  postulate  of  Morland  and 
Lee,  which  defines  the  reduced  time  under  transient  thermal  conditions  by- 
means  of  the  simple  equation: 


rt__dt> 

-  J  T(fW) 


(100) 


Under  isothermal  conditions,  this  equation  reduces  to  the  proper  form,  i,  e.  , 


(for  T  =  constant) 


(101) 


Fitzgerald  pointed  out  several  years  ago  that  this  approach  is  not 
the  only  one  available.  Starting  from  the  definition  of  reduced  time  given  in 
Equation  (101),  a  modified  value  of  reduced  time  under  transient  temperature 
conditions  can  be  obtained  as  follows: 

First  write  Equation  (101)  in  terms  of  the  inverse  shift  factor  func¬ 
tion  Gj,  which  is  equal  to  l/a^,;  and  we  obtain: 

£(t)  =  t/aT  =  t.  eT 
Differentiating  this  equation: 

iiM  =  e  +  t 
dt  W  T  C*  dt 

which,  for  varying  temperature  conditions  such  that 
GT  =  0T[T(t)] 


gives: 


eT  +  t. 


(102) 


From  Equation  (102)  we  obtain  the  following  expression  for  £  (t)  under 
transient  thermal  conditicns: 


(t)  .J »Tdt'  t  ■(%) 

O  '  ' 


(103) 


Equation  (103)  contains  two  parts,  the  first  being  identical  to  the 
definition  of  reduced  time  proposed  by  Morland  and  Lee,  Equation  (100).  The 
additional  term  in  Equation  (103)  is  concerned  with  the  effects  of  rate  of 
change  in  temperature,  and  the  sense  of  this  extra  term  is  to  reduce  4  (t) 
under  thermal  cooling  conditions.  This  will  have  the  effect  of  producing 
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increased  modulus  values  under  cooling  conditions  and  decreased  modulus 
values  under  heating  conditions. 

However,  it  is  not  believed  that  the  changes  in  stress  level  that  can 
be  obtained  through  the  use  of  Equation  (103)  will  be  sufficient  to  make 
experiments  and  theory  agree.  The  use  of  Equation  (103)  is  precisely  the 
same  as  defining  reduced  time  as  t/ax  for  all  conditions,  the  results  of  this 
assumption  being  well  known  because  it  is  often  used  in  preliminary  modulus 
determinations. 

Another  modification  to  the  definition  of  reduced  time  was  suggested 
by  Professor  Pister.  This  approach  makes  use  of  a  modified  reduced  time 
that  is  a  function  of  rate  of  change  of  temperature  as  well  as  temperature. 
The  modified  reduced  time  is  defined  by  the  equation: 

d  4  ( t) 

=  eT  (T,  T)  =  eT  (T)  4^  (T)  (104) 

where  the  assumption  is  made  that  the  effects  of  temperature  and  rate  of 
change  of  temperature  are  separable  into  the  two  independent  functions  0y 
and  4» T •  The  first  function  is  the  shift  factor  under  constant  temperature 
conditions,  i.  e.  ,  the  inverse  of  the  normal  aj  function  derived  from  iso¬ 
thermal  test  data. 

The  value  of  reduced  time  under  transient  thermal  histories  is  ob¬ 
tained  from  the  integral  of  Equation  (104): 

*m(t>  =  /'6 T  +T  [1£]  dt'  <105> 

o 

In  order  to  make  use  of  this  equation  to  calculate  the  modified 
reduced  time,  some  functional  form  must  be  postulated  for  ip  j.  The  func¬ 
tion  must  be  normalized  such  that  at  zero  rate  of  temperature  change,  its 
value  is  equal  to  unity. 

In  the  trial  program  runs,  initial  computations  were  performed 
using  the  equation 

4>t  =  ±  [l  +  K,T  +  KZ(T)2]  (106) 

for  comparison  with  the  experimental  test  case  and  with  the  closed  form 
analytical  solutions  also  used  as  test  cases. 

Clearly,  Equation  (106)  is  merely  a  simple  form  of  a  more  general 
expression  that  could  introduce  higher  power  of  rates  of  temperature  change 
and/ or  higher  order  derivatives  of  temperature. 
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3.  ANALYTICAL  TEST  CASE 

Following  some  preliminary  troubles  with  the  revised  computer 
code  for  calculating  the  stress  in  a  uniaxial  bar  subject  to  simultaneous 
straining  and  thermal  cooling,  the  experimental  problem  given  in  last  year's 
final  report  was  rerun  with  the  same  input  data.  These  input  data  represent 
the  highest  modulus  data  for  the  system  and  were  measured  on  the  uniaxial 
specimen  containing  the  gage  at  very  low  strain  levels  (0.1  to  0.5  percent). 

The  modification  to  the  computer  code  produced  slightly  different 
values  for  the  thermal  stresses  (as  discussed  later).  It  was  decided  to 
investigate  the  accuracy  of  the  computer  code  for  a  problem  with  a  precisely 
known  (closed  form)  solution.  The  problem  used  was  developed  last  year 
and  consists  of  the  thermal  cooling  of  a  bar  with  the  following  material 
properties: 


and, 


*  Eo^  ' 
loge  aT  =  -b  (T  -  To)  ■ 

T  =  T  -  K  t 

s 


=  R  t 


(107) 


The  solution  to  the  thermal  cooling  problem  for  this  special  case  is 
given  by  the  equation: 


a  =  2  E 


(R  +  crK)  exp(t/2£*)  Tan"  1  V  (exp  (t/£*) 


(108) 


where 

C*  =  C  exp  (bT  ) 

s 

=  1/Kb 


(109) 


Analytical  solutions  were  determined  for  the  specific  problem  of 
E0  =  100,  b  =  0.2,  and  K  =  25  and  0.055  deg/min.  The  calculated  data  are 
shown  as  thermal  stress  versus  temperature  in  Figure  87. 

The  revised  Knauss  computer  code  was  then  used  to  calculate  as 
nearly  as  possible  the  same  problem,  and  the  resulting  data  weie  indis¬ 
tinguishable  from  the  analytical  values.  The  two  sets  of  curves  could  not  be 
separated  on  the  plot  of  Figure  87.  It  seemed,  therefore,  that  the  computer 
code  was  providing  the  correct  answers  to  the  thermal  cooling  problems  and 
that  the  earlier  version  must  have  been  more  approximate  in  its  approach. 
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Figure  87.  Test  Case,  Ther.nal  Stresses  versus  Temperature. 
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This  analytical  test  case  may  be  used  to  illustrate  the  effects  of 
changing  the  definition  of  reduced  time  by  introducing  the  constants  K(  and  K2 
into  Equation  (106). 

Figure  88  shows  clearly  that  the  effects  of  the  changes  are  generally 
small  until  a  high  rate  of  temperature  change  is  encountered.  However,  it  is 
possible  to  provide  a  considerable  increase  in  the  calculated  thermal  stress 
values  and  it  remains  to  be  seen  whether  or  not  this  is  sufficient  to  bring  the 
analysis  and  experiments  into  line. 

4.  COMPARISON  BETWEEN  ANALYSIS  AND  EXPERIMENT 
a.  STV  Propellant  Bar  Containing  25-psi  Gage 

This  is  the  problem  that  was  analysed  last  year  and  discussed 
in  the  final  report.  The  input  data  for  the  analysis  are  given  in  Table  XV. 
Figure  89  shows  a  comparison  between  the  data  calculated  with  the  original 
Knauss  program  and  the  revised  data  determined  with  the  newer  program. 

The  minor  differences  in  the  calculated  stresses  will  be  apparent  in  this 
figure. 


Calculated  thermal  stresses  are  compared  with  the  measured 
experimental  values  in  Figure  90.  The  calculated  values  are  approximately 
four  times  lower  than  the  measured  data. 

Another  problem  was  then  run  wherein  the  stress  relaxation 
modulus  data  were  replaced  by  the  creep  compliance  data  with  the  same 
time-temperature  shift  factors  retained.  As  will  be  observed  from  Table 
XVI,  the  inverse  creep  compliance  values  are  larger  than  the  stress  relaxa¬ 
tion  modulus  values  so  that  a  better  fit  to  the  measured  data  was  anticipated. 
The  resulting  thermal  stresses  are  in  fact  larger  than  those  derived  from 
the  stress  relaxation  test  data,  as  will  be  noted  in  Figure  90.  However,  the 
comparison  between  the  computed  stress  of  24.4  psi  and  the  measured  stress 
of  58.3  psi  at  the  lowest  temperature  of  -75°F  is  still  not  very  good.  Clearly, 
other  factors  must  be  producing  this  large  discrepancy  between  theory  and 
experiment. 


Several  analyses  were  then  performed  with  different  values  of 
Ki  and  K2  used  in  the  expression  for  the  reduced  time  integral,  Equation 
(106),  It  should  be  noted  at  this  time  that  to  give  the  desired  effect,  i.  e.  ,  an 
increase  in  stress  with  the  higher  rates  of  cooling,  the  sign  of  the  whole 
bracket  in  Equation  (106)  is  made  negative  when  values  of  K2  alone  are  em¬ 
ployed.  The  results  with  Kj  in  the  equation  proved  disappointing;  if  a 
sufficiently  large  value  of  Kj  was  employed  to  give  a  significant  effect,  then 
there  was  always  a  chance  that  the  (Kj  •  T)  term  would  be  greater  than  1,0, 
which  caused  the  program  to  break  down.  Thus,  most  of  the  later  calcula¬ 
tions  were  performed  with  the  expression  Kj  =  0,  and  with  K2  given  different 
values. 


Table  XVH  shows  the  values  of  the  thermal  stress  versus  time 
for  several  different  analyses.  The  values  of  the  constants  varied  between 
0  and  0.02  for  Kj,  and  between  0  and  20.0  for  K2.  The  effect  of  the  Kj  term 
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TABLE  XV 

ANALYSIS  INPUT  DATA  FOR 
0064 -6  IE  PROPELLANT  THERMAL  COOLING  PROBLEM 


Log  Time 
(min) 

Relaxation 

Modulus 

Log  aT 

Temperature 

(°F) 

Time 

Temperature 

(°F) 

-  12 

15,000 

8.6 

-80 

0 

146 

-10 

10,000 

7.3 

-60 

720 

104 

-  8 

7,000 

5.8 

-40 

1010 

64 

-  6 

4,300 

4.0 

-20 

1265 

11 

-  4 

2,500 

3.0 

0 

1495 

-11 

-  2 

1,250 

2.0 

20 

1690 

-45 

0 

640 

1.0 

40 

1880 

-75 

2 

400 

0 

70 

2140 

15 

4 

280 

-1.0 

100 

2600 

82 

6 

200 

-2.0 

130 

-3.0 

160 

a  -  5.67  x 
P 

io-5 

Strain  =  0  for  all  times 
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Containing  25-psi  Gage 


TEMPERATURE  (°F) 


Figure  90.  Thermal  Stress  Values  Calculated  Using  Inverse  Creep 
Compliance  Data  for  0064 -6  IE  Propellant  Uniaxial  Test 
Fixture  Containing  25-psi  Gage. 
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TABLE  XVI 

COMPARISON  OF  STRESS  RELAXATION  MODULUS 
AND  INVERSE  CREEP  COMPLIANCE 

(0064 -6  IE  Propellant:  Data  from  Uniaxial  Test 
Specimen  Containing  25  psi  Gage.) 


Log  t 
(min) 

Relaxation 

Modulus  (psi) 

Inverse  Creep 
Compliance  (psi) 

-12 

15,000 

20,000 

-10 

10,000 

15,000 

-  8 

7,000 

11,000 

-  6 

4,300 

7,000 

-  4 

2,500 

4,000 

-  2 

1,250 

1,950 

0 

640 

1,000 

2 

400 

610 

4 

280 

410 

6 

200 

300 
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TABLE  XVII 

CALCULATED  THERMAL  STRESSES  FOR  UNIAXIAL  BAR 
OF  0064 -6 IE  PROPELLANT  UNDER  AXIAL  RESTRAINT 


Calculated  Thermal  Stresses 


Time 

(min) 

*  W 

to  I'¬ 
ll  II 

O  O 

Kj  =  0.01 

K2  =  0 

Kj  =  0.02 

k2  =  0 

Kj  =  0 

K2  -  5 

Kj  =  0 

k2= 

Kj  =  0 

K2  =  20 

Temperature 

(°F) 

720 

1.0016 

1.0017 

1.0017 

1.0058 

1.0097 

1.0168 

104 

1010 

2.3265 

2.3268 

2.3271 

2.3432 

2.3586 

2.3863 

64 

1265 

5.1900 

5.1911 

5. 1922 

5.2700 

5.3401 

5.4595 

11 

1495 

6.9494 

6.95  04 

6.9515 

7.0388 

7.1182 

7.2555 

-11 

1690 

13.257 

13.260 

13.263 

13.474 

13.667 

14.000 

-45 

1880 

24.3047 

24.309 

24.314 

25.642 

26.690 

28.299 

-75 

2140 

4.3250 

4.3261 

4.3272 

4.3623 

4.3920 

4.4526 

15 

2600 

1.5142 

1.5142 

1.5142 

1.5230 

1.5308 

1.5487 

82 
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is  very  small,  as  will  be  noted  for  the  maximum  stress  value,  which  occurs 
at  a  time  of  1830  minutes.  This  stress  is  increased  from  24.3047  to  24.3142 
psi  as  Kt  changes  from  0  to  0,02,  The  effect  of  changing  Kj  from  0  to  20  is 
to  increase  thic  maximum  stress  value  from  24.3047  to  28.2990,  which  is  at 
least  visible. 

However,  this  particular  test  was  conducted  at  such  a  low  rate 
of  cooling  that  the  rate  would  not  be  expected  to  have  a  significant  effect 
upon  the  thermal  stress  value.  Therefore,  it  appears  that  if  the  thermal 
stresses,  measured  in  this  test  are  correct,  then  the  modification  to  reduced 
time  will  not  account  for  the  discrepancy  between  theory  and  experiment. 

Before  the  conclusion  was  accepted  that  rate  of  temperature 
change  could  not  have  a  significant  effect  on  thermal  stresses,  it  was 
decided  that  several  more  thermal  cooling  experiments  should  be  conducted 
at  various  rates  of  cooling  and  heating  for  comparison  with  the  analyses. 

b.  Inert  Propellant  Specimen  Containing  150-psi  Gage 

The  inert  propellant  uniaxial  test  specimen,  containing  a  single 
150-psi  gage  embedded  at  one  end,  was  subjected  to  restrained  thermal  cool¬ 
ing  tests.  Three  different  rates  of  cooling  were  employed:  a  very  slow, 
programmed  rate  of  7.5°F./hr  (0. 125°F/min);  a  moderate  cooling  rate  of  1.0 
to  2.0°F/min;  and  a  relatively  fast  cooling  rate  of  5.0  to  6.0°F/min.  In 
point  of  fact,  the  latter  rate  of  cooling  was  higher  than  could  be  tolerated 
and  produced  a  considerable  temperature  gradient  across  the  specimen. 

Thus,  the  load  cell  reading  was  unreliable  as  a  measure  of  the  thermal 
stress,  and  the  embedded  gage  data  would  not  be  expected  to  give  valid 
results.  The  two  other  tests  should,  however,  provide  good  test  data  for 
comparison  with  the  analyses. 

Static  creep  tests  had  previously  been  performed  on  the  uni¬ 
axial  specimen,  and  the  measured  inverse  creep  compliance  values  were 
used  instead  of  the  relaxation  modulus  values  in  the  analysis  program. 

Table  XVIII  presents  the  thermal  analysis  input  data  for  the  inert  propellant 
tests.  A  linear  coefficient  of  expansion  of  4,5  x  10  5  in. /in. /°F  was  adopted 
for  the  analyses. 

The  experimental  and  calculated  data  for  thermal  cooling  tests 
on  the  inert  propellant  specimens  are  compared  in  Figures  91  through  93. 

The  data  for  moderate  rate  of  cooling  are  presented  in  Figure  91  and  for  the 
very  slow  cooling  rate  in  Figure  92.  Data  for  the  fast  cooling  rate  are  given 
in  Figure  93  but  are  considered  less  reliable  than  the  other  two  sets  of  data. 

Consider  first  the  moderate  cooling  rate  data  shown  in  Figure  91. 
The  calculated  stress  values  are  approximately  one -half  of  the  experimentally 
measured  values  over  most  of  the  temperature  range.  The  introduction  of 
the  modified  reduced  time  with  various  values  of  Kz,  and  with  Kt  =  0,  pro¬ 
duces  the  analytical  curves  also  shown  in  Figure  91.  It  seems  that  the  use  of 
the  K2  term  produces  an  almost  uniform  increase  in  the  thermal  stress 
values,  with  the  calculated  data  for  Kz  =  20  being  about  1,5  times  the  thermal 
stresses  for  K2  =  0.  Reasonable  agreement  across  much  of  the  temperature 
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TABLE  XVIII 

MODULUS-TIME  AND  SHIFT  FACTOR -TEMPERATURE 
DATA  FOR  INERT  PROPELLANT  ANALYSES 


Log  Time 
(min) 

Modulus 

(psi) 

Temperature 

(°F) 

Log  a 

-10 

20,500 

-  9 

20,500 

-83 

8.60 

-  8 

13,500 

-67 

6.40 

-  7 

8,500 

-25 

3.50 

-  6 

5,400 

75 

0 

-  5 

3,500 

146 

-1.70 

-  4 

2,400 

-  3 

1,630 

-  2 

1,200 

-  1 

940 

a  = 
P 

4.5  x  10'5 

0 

760 

1 

640 

2 

550 

3 

480 

4 

430 
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Figure  91.  Thermal  Stress  versus  Temperature: 

Inert  Propellant  Specimen  Containing  150-psi  Gage, 
Moderate  Cooling  and  Heating  Rate. 
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Figure  92.  Thermal  Stress  versus  Temperature: 

Inert  Propellant  Specimen  Containing  150-psi  Gage, 
Slow  Cooling  Rate. 
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Figure  93,  Thermal  Stress  versus  Temper; 

Inert  Propellant  Specimen  Conta 
Fast  Cooling  Rate. 
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range  could  be  obtained  with  a  K2  value  of  approximately  200  to  400.  How¬ 
ever,  the  data  would  still  not  appear  to  fit  the  measured  curve  because  they 
would  not  agree  at  the  higher-temperature  end  (as  will  be  observed  in  the 
curves  for  the  various  K2  values  at  the  115°F  temperature). 

It  would  appear  from  the  data  that  the  computer  program  has 
some  difficulties  with  the  calculations  when  passing  through  the  temperature 
minimum.  The  data  for  K2  =  0  are  correct  and  show  a  smooth  continuous 
curve,  but  the  curves  for  K2  having  real  values  show  a  spurious  data  point  at 
the  -32°F  temperature.  The  program  appears  to  recover  by  the  next  data 
point,  i.  e.  ,  the  -13°F  temperature  point.  The  cause  of  this  trouble  with  the 
program  is  not  known. 

The  slow  cooling  rate  data  of  Figure  92  show  similar  trends 
in  that  the  calculated  thermal  cooling  stresses  are  some  50  percent  of  the 
measured  values  for  most  of  the  temperature  range.  Because  of  the  very 
small  rate  of  cooling,  however,  the  modification  to  the  reduced  time  has 
only  a  very  small  effect  on  the  stress  values,  as  will  be  noted.  Only  the 
data  calculated  for  K2  =  0  and  20  are  shown  for  clarity.  It  is  clear  from 
these  data  that  even  the  use  of  a  higher  value  for  K2,  such  as  200  or  400, 
would  not  result  in  a  reasonable  agreement  between  theory  and  experiment. 

The  fast  cooling  rate  data  presented  in  Figure  93  appear  to 
show  the  best  agreement  with  the  analytical  data  curves.  Thus  the  dis¬ 
crepancy  between  the  experimental  calculated  data  increases  to  a  value  of 
approximately  2  at  the  lowest  temperature  of  -30°F;  at  higher  temperatures 
the  error  is  smaller.  However,  this  apparent  better  agreement  is  most 
probably  due  to  the  fact  that  the  temperature  was  never  able  to  equalize 
throughout  the  specimen  because  of  the  fast  rate  of  cooling.  Thus,  the  load 
developed  was  always  smaller  than  it  would  have  been  under  slower  cooling 
conditions.  The  analytical  data  curves  of  Figure  93  show  that  it  is  rela¬ 
tively  easy  to  produce  a  significant  increase  in  stress  with  values  of  K2 
lower  than  10.  However,  in  no  case  does  the  calculated  data  curve  bear  a 
close  resemblance  to  the  measured  data  curve. 

Considering  all  the  data  obtained  with  the  inert  propellant 
specimen  containing  the  150-psi  diaphragm  gage,  it  seems  that  although  it 
is  possible  to  calculate  higher  thermal  stresses  by  using  the  modified  defini¬ 
tion  of  reduced  time,  the  measured  thermal  cooling  stresses  do  not  support 
the  view  that  this  is  the  primary  cause  of  the  discrepancy.  Additional  data 
would  be  required  to  substantiate  the  hypothesis  that  rate  of  change  of  tem¬ 
perature  has  a  significant  effect  on  thermal  stress. 

Additional  tests  were  performed  with  a  large  block  of  STV  pro¬ 
pellant  (without  a  gage)  as  a  specimen.  These  test  results  are  discussed 
next. 

c.  Tests  of  Large  STV  Propellant  Specimen 

These  tests  were  conducted  with  two  separate  objectives. 
Primarily,  the  tests  were  intended  to  confirm  that  a  single  specimen  could 
be  used  to  determine  the  propellant  properties  over  a  wide  range  of 
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temperatures,  in  a  manner  similar  to  the  technique  used  to  calibrate  the 
gages  in  a  propellant  uniaxial  specimen.  There  was  some  doubt  with  regard 
to  the  validity  of  the  gage  calibration  data  on  the  ground  that  performing  the 
calibration  tests  would  damage  the  propellant  and  thereby  modify  the  gage- 
propellant  interaction.  This  objection  might  be  valid  if  the  strain  levels 
used  in  the  tests  were  high  enough. 

The  second  objective  of  the  test  series  was,  therefore,  to 
verify  that  the  use  of  a  large  propellant  specimen  at  very  low  strain  levels 
(not  greater  than  0.5  percent)  would  result  in  valid,  repeatable  test  data  with 
no  significant  change  from  test  to  test.  Verification  of  the  fact  that  pro¬ 
pellant  could  be  strained  to  small  strain  levels  without  significant  (or  meas¬ 
urable)  damage  would  be  a  valuable  indication  of  the  usefulness  of  the  gage 
calibration  tests. 

A  large  propellant  specimen  was  machined  from  STV  propellant 
0064-61E  to  a  2-  by  2-  by  6-inch  size.  Large  metal  end-pieces  were  post- 
bonded  to  the  propellant  with  epoxy  adhesive,  and  a  series  of  constant  load 
creep  tests  was  performed  across  a  wide  temperature  range  from  -63  to 
+  144°  F.  The  tests  were  deliberately  not  performed  in  a  sequential  fashion, 
and  the  temperature  was  switched  randomly  from  high  to  low.  The  strains 
were  kept  below  0.5  percent,  usually  around  0.  10  to  0.20  percent,  by  adjusting 
the  applied  load  as  the  temperature  was  changed. 

The  inverse  creep  compliance  data  are  presented  versus  log 
reduced  time  in  Figure  94,  and  the  corresponding  log  aq-  versus  temperature 
plot  is  shown  in  Figure  95.  There  was  no  evidence  of  a  shift  in  the  data  with 
time  (which  was  anticipated  if  the  propellant  had  been  damaged  during  the 
early  tests).  There  was,  however,  an  apparent  change  in  modulus  with 
strain  level,  a  much  larger  value  being  obtained  at  very  small  strain  levels, 
of  the  order  of  0.01  to  0.02-percent  strain.  Higher  log  ax  values  were  also 
required  to  shift  these  high  modulus  curves  into  line  with  the  other  test  data, 
as  will  be  noted  from  the  data  for  temperatures  of  95,  -29  and  -51°F.  The 
other  test  data,  obtained  at  strain  levels  between  0.10  and  0.50  percent, 
shift  reasonably  well  and  produce  smooth  inverse  creep  compliance  and 
shift  factor  curves. 

After  the  creep  tests  were  completed,  it  was  decided  to  run  a 
restrained  thermal  cooling  test  to  determine  if  the  low-strain  data  were  any 
better  for  the  prediction  of  thermal  cooling  stresses  than  the  conventional 
stress  relaxation  data.  Two  tests  were  performed,  one  at  the  very  low 
programmed  cooling  rate  (0. 125°F/min)  and  the  other  at  the  moderate  cooling 
rate  (which  was  the  fastest  rate  that  could  be  used  while  maintaining  a  fairly 
uniform  temperature  in  the  block).  The  resulting  data  for  thermal  stress 
versus  temperature  are  presented  in  Figure  96.  Both  sets  of  test  data  are 
shown,  and  it  is  interesting  to  note  that  there  is  very  little  difference  between 
the  low  cooling  rate  and  the  moderate  cooling  rate.  These  data  clearly  do 
not  support  the  contention  that  the  thermal  stresses  are  dependent  on  the  rate 
of  cooling.  The  difference  between  the  curves  is  simply  a  function  of  the 
different  starting  temperatures  used  in  the  two  tests.  Thus,  cooling  for  the 
low-rate  test  began  from  an  initial  temperature  of  130°F,  whereas  cooling 
for  the  moderate  rate  test  began  from  an  initial  temperature  of  64°F. 
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Figure  95.  Shift  Factors  versus  Temperature  for  Large  Block  of  STV 
Propellant. 
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Figure  96.  Thermal  Cooling  Stresses  for  Large  Block  of  STV  Propellant. 
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The  most  interesting  aspect  of  the  experimental  data  derived 
from  the  large  block  specimen  test  is  the  comparison  between  the  experi¬ 
mental  measured  data  (from  the  Instron  load  cell  readings)  and  the  calculated 
data  from  the  revised  Knauss  computer  code.  There  is  very  good  agreement 
between  the  measured  and  the  calculated  thermal  stress  values,  for  both 
rates  of  cooling  and  with  the  value  of  Kz  and  Kj  =  0,  i.  e.  ,  using  the  conven¬ 
tional  definition  of  reduced  time  and  ignoring  the  rate  of  change  of  tempera¬ 
ture  in  the  calculations.  Note  that  in  Figure  96,  the  points  shown  are  the 
experimental  data  and  the  curves  are  the  analytical  predictions. 

Thus  the  data  appear  to  show  that  the  large  specimen  under 
very  small  strain  conditions  will  produce  the  proper  modulus  data  for  use  in 
thermal  cooling  problems.  These  data  also  suggest  that  if  the  proper  tests 
are  performed  to  obtain  the  high,  undamaged-propellant  modulus  data,  much 
better  agreement  will  be  obtained  between  the  experimental  thermal  cooling 
stresses  and  the  calculated  values. 

d.  Thermal  Cooling  Analysis  with  THVINC 

In  addition  to  the  earlier  analyses  of  the  25-psi  test  fixture 
data  (from  last  year's  final  report),  a  transient  thermal  analysis  was  per¬ 
formed  by  Mathematical  Sciences  NorthWest  using  the  revised  transient 
viscoelastic  thermal  analysis  code,  THVINC.  In  this  analysis,  the  experi¬ 
mental  conditions  were  approached  even  more  closely  because  the  tempera¬ 
ture  history  of  the  outer  radius  of  the  propellant,  and  at  the  bonded  surface 
between  the  specimen  ends  and  the  propellant,  was  specified  as  an  input  to 
the  program.  In  addition,  the  z- component  of  displacement  was  set  equal  to 
zero  along  the  z  =  1.4-inch  surface. 

The  temperature-time  history  used  for  the  propellant  boundary 
is  given  in  Table  XIX.  (These  data  are  in  some  cases  linearly  interpolated 
between  measured  data  points.)  A  stress-free  temperature  of  146°F  was 
used. 


Average  calculated  gage  stresses  are  presented  in  Figure  97 
against  a  temperature  base  and  are  compared  with  the  experimental  data. 

The  calculated  stress  values  are  very  similar  to  those  determined  earlier 
(Figure  90)  with  an  assumed  uniform  temperature  throughout  the  specimen. 

It  is  clear,  therefore,  that  the  discrepancy  between  theory  and  experiment 
is  not  due  to  this  approximation, 

e.  Gage  Data  from  Thermal  Tests  in  Uniaxial  Specimens 

Data  from  a  25-psi  gage  embedded  in  the  STV  propellant  speci¬ 
men  were  reported  in  last  year's  final  report.  Because  of  the  variation  in 
gage  response  with  reduced  time,  it  was  necessary  to  use  the  Knauss  thermo - 
viscoelastic  computer  program  to  analyze  the  test  data.  Unfortunately,  the 
program  was  very  slow  in  calculating  the  gage  output  data,  so  that  only 
three  data  points  were  obtained  to  compare  with  the  experimental  values. 

Using  the  revised  uniaxial  thermoviscoelastic  computer  code 
with  the  gage  transfer  function  6  (|)  replacing  the  modulus  term,  and  with 
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TABLE  XIX 


utctorY  FOR  THVINC  ANALYSIS 
temper  psEi5agTe0tesFt°fixture 


Time  (min) 
0 
10 
720 
730 
1,010 
1,020 
1,265 
1,275 
1,495 
1,505 
1,690 
1,700 
1,880 
1,890 
2,140 
2,150 
2,600 


Temperature  (°F) 

146 

104 

104 

64 

64 

11 

11 


-11 


-11 


-45 


-45 


-75 


-75 


15 

15 

82 

82 
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the  gage  output  S(t)  replacing  the  strain  term,  the  thermal  stress  estimates 
from  the  25-psi  gage  output  signals  were  calculated.  The  results  are  com¬ 
pared  in  Figure  98  with  the  measured  stresses.  The  calculated  stress  values 
are  slightly  greater  than  those  presented  in  last  year's  report  (this  year's 
revised  data  are  believed  to  be  more  accurate).  The  agreement  between  the 
analytical  gage  data  and  the  load-cell-measured  stresses  is  reasonably  good 
across  most  of  the  temperature  range.  The  maximum  error  (27- percent 
high)  occurs  at  the  lowest  temperature  of  -7  5°F.  Between  the  temperatures 
of  +  100  and  -45°F,  agreement  between  the  gage  data  and  the  measured  data 
is  excellent.  This  is  particularly  gratifying  in  view  of  the  fact  that  the  25- 
psi  gage  is  not  considered  suitable  for  the  measurement  of  thermal  stresses 
in  propellant  at  temperatures  approximately  below  0°F. 

The  newer  and  much  stiffer  150-psi  gage  was  expected  to  pro¬ 
vide  accurate  thermal  stress  data  in  propellant.  Data  were  obtained  from 
the  gage  embedded  in  the  inert  propellant  uniaxial  test  specimen.  For  these 
test  data,  the  simplest  possible  type  of  data  reduction  approach  was  used, 
i.  e.  ,  the  gage  sensitivity  was  taken  to  be  a  constant  and  independent  of 
temperature.  Typical  data  calcuated  from  the  gage  output  are  shown  in 
Figure  99.  Also  shown  in  this  figure  are  the  thermal  stresses  measured 
with  two  independent  load  cells  during  the  same  test.  A  Statham  load  cell 
was  mounted  on  the  lower  end  of  the  specimen,  outside  the  conditioning 
chamber,  as  a  check  on  the  Instron  load  cell.  The  embedded  gage  gave 
thermal  stress  values  within  1  psi  of  the  two  load  cell  values  at  the  higher 
temperatures,  and  it  measured  a  thermal  stress  value  between  the  two  load 
cell  values  at  the  lowest  temperature  of  -60°F.  This  particular  test  was 
conducted  at  the  moderate  cooling  rate  so  that  the  gage  data  would  be  ex¬ 
pected  to  agree  with  the  measured  data.  Similarly,  the  slow  programmed 
cooling  rate  data  shown  in  Figure  100  also  disclose  good  agreement  with  the 
Instron  load  cell  data. 

5.  CONCLUSIONS  OF  THERMAL  COOLING  AND  HEATING 

EXPERIMENTS 

Up  to  the  point  of  the  thermal  cooling  tests  on  the  large  STV  pro¬ 
pellant  block  specimen,  all  the  data  measured  in  the  laboratory  tests  appeared 
to  confirm  the  fact  that  standard  analytical  techniques  were  incapable  of  pre¬ 
dicting  the  stresses  induced  in  a  propellant  specimen  during  uonisothermal 
testing.  The  calculated  data,  based  upon  normal  stress  relaxation  test 
modulus  values,  are  significantly  lower  than  the  measured  thermal  stresses. 
The  possibility  was  investigated  that  this  discrepancy  was  the  result  of  the 
rate  of  temperature  change  producing  a  pronounced  effect  on  the  "reduced 
time",  but  results  were  inconclusive.  However,  it  is  certain  that  the  effect 
of  high  rate  of  temperature  change  is  not  the  only  factor  involved,  even  if  its 
effect  is  measurable. 

The  later  tests  performed  with  the  large  propellant  test  specimen 
suggest  that  propellant  nonlinearity  is  the  basic  problem  and  not  the  postulate 
of  thermorheological  simplicity.  Certainly,  the  use  of  a  large  specimen 
tested  at  very  low  strain  levels  appears  to  provide  more  realistic  modulus 
data  for  computing  the  thermal  stress  values. 
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Figure  98.  Thermal  Stres s  Values  Calculated  from  25-psi  Gage  Data. 
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Figure  99.  Thermal  Stress  Values  Calculated  from  150-psi  Gage  in 
Inert  Propellant. 
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A  redeeming  feature  of  the  experimental  test  data  was  the  perform¬ 
ance  of  the  embedded  gages  under  nonisothermal  cooling  conditions.  It  seems 
that  the  embedded  gage  will  provide  an  accurate  estimate  of  the  correct 
thermal  stress  value,  whatever  the  basic  problem  involved.  This  is,  of 
course,  one  of  the  major  advantages  of  the  use  of  embedded  gages. 


(The  reverse  is  blank) 
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SECTION  VI 

THERMORHEOLOGICALLY  COMPLEX  AND  NONLINEAR 
PROPELLANT  BEHAVIOR'1' 


1.  INTRODUCTION  TO  PROBLEM  AREA 

The  research  described  in  this  report  grew  out  of  two  important 
findings  of  the  Structural  Test  Vehicle  Program  at  Lockheed* Propulsion 
Company  (Ref  1  and  2):  (1)  thermal  stress  predictions  made  by  use  of 

state -of-the -art  methods  are  far  below  measured  values,  and  (2)  bore 
strain  predictions  made  by  use  of  state-of-the-art  methods  are,  in  some 
cases,  significantly  different  (both  qualitatively  and  quantitatively)  from 
measured  values. 

Theoretical  and  experimental  investigations  were  made  at  Texas 
A&M  University  in  order  to  (1)  identify  the  source  of  these  discrepancies, 
and  (2)  improve  existing  analysis  methods. 

Subsection  VI,  2  covers  the  theoretical  investigations.  Linear  con¬ 
stitutive  equations  for  thermorheologically  complex  media  are  given;  they 
are  based  on  a  nonequilibrium  thermodynamic  theory  developed  in  a  previous 
Air  Force -sponsored  program  (Ref  12).  These  equations  contain  thermo¬ 
rheologically  simple  behavior  as  a  special  case,  and  are  only  slightly  more 
involved  than  the  constitutive  equations  currently  used  by  solid  rocket 
structural  analysts.  Moreover,  they  are  capable  of  predicting  stresses 
that  are  considerably  greater  than  predicted  by  thermorheologically  simple 
theory. 


Also  in  subsection  VI,  2  a  simple  method  is  developed  for  predicting 
.nonlinear  thermal  strains  and  deformations  in  long,  case -bonded,  circular 
port  grains.  The  nonlinear  phenomena  of  vacuole  dilatation  and  large  strains 
are  included.  This  theory  predicts  the  experimentally  measured  bore  strains 
reported  in  the  STV  Final  Reports  (Ref  1  and  2).  In  addition,  it  provides  a 
means  for  determining  bulk  propellant  properties  in  a  realistic  stress  state. 

The  final  discussion  in  subsection  VI,  2  is  concerned  with  the  rela¬ 
tionship  between  overall  and  constituent  thermal  expansion  coefficients  of 
composite  materials.  Equations  developed  in  another  Air  Force-sponsored 
program  (Ref  13)  are  given  for  later  use  in  interpreting  experimental 
observations  on  the  thermal  expansion  of  solid  propellant. 

The  experimental  investigations  are  covered  in  subsection  VI,  3. 

The  poker-chip  and  strip  biaxial  specimen  tests,  which  were  used  to  obtain 
creep,  relaxation,  and  thermal  properties  in  multiaxial  stress  states,  are 
described.  Also  presented  are  two  new  techniques  for  measuring  changes 


^  Section  VI  was  prepared  by  Professors  R.  A.  Schapery  and  L.  D.  Webb 
and  Engineering  Research  Associate  S.  W.  Beckwith,  at  Texas  A&M 
University. 
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of  very  small  volume  in  poker -chip  specimens.  Results  obtained  under 
different  stress  states  are  compared  with  the  theoretical  interrelationships 
for  propellant  with  and  without  preexisting  voids.  These  relationships  and 
poker  chip  dilatation  measurements  indicate  that  the  STV  propellant  has  a 
significant  amount  of  voids. 

Concluding  remarks  are  primarily  concerned  with  the  effect  of 
preexisting  voids  on  overall  mechanical  properties,  and  with  the  usefulness 
of  instrumented  poker -chip  specimens  for  obtaining  bulk  and  uniaxial 
moduli  or  compliances. 

2.  THEORETICAL  INVESTIGATIONS 


a.  Linear  Constitutive  Equations 


Current  methods  of  linear  thermoviscoelastic  analysis  utilize 
special  cases  of  the  following  three-dimensional  constitutive  equations, 
which  are  the  linearized  version  of  nonequilibrium  (irreversible)  thermo¬ 
dynamic  equations  in  Reference  12.  They  are  referred  here  to  a  cylindrical 
(r,  0,  z)  coordinate  system;  the  three  normal  stress -strain  equations  are: 


a 


r 


a 


r 


°r  +  °0  +  % 
where 


,  *(«.  -  o 

ZGe  (,r  -  fe>  +  2*f  /  AG(5  -  6')  — • ir- L  ^ 

0 

8(e  -  €  ) 

2Ge  (‘r  -  S>  +  2aF  f  AG(S  "  «')  - IT1  dT 

3Ke  (0  -  3aAT)  +  3aF  AK  (4  -  {')  (0  -  3qAT)  dr 


6  =  e  +  (  +  € 

r  0  z 


and  the  three  shear  stress -strain  equations  are 


Tre  *  Gevr0  +  avft  AG  (5-6') 


ar 


re 


8t 

8> 


Trz  =  GeTrz  +  aF/‘  AG  (6  '  «’> 

Tz0  =  GeTze  +  aF/1  AG«  -  *’> 


3t 

ar 


3r 


where  |  and  are  "reduced  times",  defined  as 


dT 

dr 

dr 


(110a) 

(1  10b) 
(110c) 


(1  lOd) 
(1 lOe) 
(llOf) 


£  =  £(t)  =  St  dt'/aT.  £'  s  £(t)  =/Tdt'/aT 
o  A  o  x 


(111) 
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and  a'j  =  a-p  [T(r,  9,  z,t')]  is  the  strongly  temperature -dependent  shift  factor 
used  with  thermorheologically  simple  materials.  Furthermore 

AT  =  AT(r,0,  z,  t1)  =  difference  between  grain  temperature , 

T,  and  temperature  at  which  stress  = 
strains  =  0. 

G  =  G  (T)  =  long-time  value  of  shear  relaxation  modulus 
6  6 

AG(|)  =  G(£)  -  G  =  transient  component  of  the  shear  relaxation  modulus 

[note  that  AG(°°)  =  0], 

and  ap  is  a  temperature -dependent  coefficient;  similar  definitions  apply  to 
the  bulk  moduli  components,  Ke  and  AK.  Both  ap  and  a^  are  taken  to  be 
unity  at  the  same  reference  temperature,  Tr.  For  unfilled  elastomers  one 
usually  assumes  Ge(T)  =  &pG6(Tr)  and  ap  =  T/Tr,  which  is  based  on  the 
kinetic  theory  of  rubber  elasticity.  However,  there  is  no  evidence  at  this 
time  to  suggest  such  simple  dependence  for  propellants. 

The  bulk  response  of  propellant  is  normally  assumed  to  be 
elastic,  as  defined  by  the  constant  bulk  modulus,  K  =  (and  AK  =  0),  and 
linear  coefficient  of  thermal  expansion,  a,  in  Equation  (110c). 

The  temperature -dependence  of  the  above  constitutive  equations 
lends  itself  to  a  mechanical  model  and  thermodynamic  interpretation  (Ref  12). 
The  shear  model  significance  is  that  Ge(T)  defines  the  temperature -dependence 
of  the  equilibrium  spring,  and  ap  defines  the  temperature. -dependence  of  all 
remaining  springs  in  that  their  moduli  are  functions  of  temperature  through 
this  common  factor.  The  factor  ap  is  analogous  to  a^  since  the  latter  one 
defines  a  common  temperature -dependence  of  all  dashpot  viscosities. 

Under  the  assumptions  that  Ge  and  Ke  are  constant  and  ap  =  1, 
the  Equations  (110)  reduce  to  those  for  a  thermorheologically  simple 
material  (TSM).  When  one  or  both  of  these  two  conditions  are  not  met,  the 
term  thermorheologically  complex  material  (TCM)  will  be  used. 

If  one  assumes  AK  s  0,  =  1,  and  ap  =  ap(T),  these  equations 

depend  on  only  instantaneous  values  of  temperature.  In  contrast,  if  aq>  ^  1, 
the  entire  temperature  history  enters  Equation  (110)  through  the  reduced -time 
integrals  in  Equation  (111)  and  the  bulk  modulus  integral  (110c). 

b.  Specimen  Analysis  for  Constant  and  Transient  Temperatures 

The  constitutive  theory  is  used  here  to  predict  mechanical 
response  of  a  specimen  under  (l)  constant  temperature  and  strain,  (2)  con¬ 
stant  temperature  and  stress,  and  (3)  simultaneous  cooling  (or  heating)  at 
constant  rates;  the  temperature  rate  is  assumed  to  be  slow  enough  to  estab¬ 
lish  essentially  a  spacewise  uniform  temperature  distribution.  Some  of 
these  results  provide  guidelines  for  reducing  the  data  in  subsection  VI,  3,  and 
for  verifying  the  theory. 
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The  one -dimensional  version  of  constitutive  Equations  (110) 
relating  a  uniaxial  stress  o,  strain  (,  and  applied  temperature  change, 

AT  =  T  -  T0,  is 

a  =  Ee(c  -  a  AT )  +  ap  fl  AE  (£  -  £')  dj  (n2) 

where  the  argument  of  AE  is  now  4  "  4'*  which  is  defined  by  Equation  (111), 
and  aj  and  ap  are  the  same  functions  of  temperature  that  appear  in  the 
three-dimensional  equations;  note  that  T0  and  Tp_  are  not  necessarily  the 
same. 


In  order  to  predict  behavior  of  strip  biaxial  and  poker -chip 
specimens,  simply  replace  the  long-time  modulus,  Eg,  and  transient 
modulus,  AE(4)»  by  the  respective  effective  moduli  for  these  tests;  the 
stress  <7  and  strain  t  are  then  interpreted,  respectively,  as  applied  force 
divided  by  the  initial  specimen  area  perpendicular  to  the  loading  direction, 
and  the  change  in  grip  separation  divided  by  the  initial  separation. 

The  quantity 

«T  S  f  -  a  AT  (113) 

in  Equation  (112)  is  sometimes  called  "the  strain  due  to  stress,"  and  is 
actually  the  specimen  strain  referred  to  its  unstressed  length  at  the  tem¬ 
perature  T.  In  contrast,  «  is  the  specimen  strain  referred  to  the  unstressed 
length  at  the  initial  temperature,  TQ. 

Through  the  use  of  Equation  (112)  and  the  definitions  that 
effective  modulus,  Eef,  is 


a 

t  -  aAT 


(114) 


and  the  effective  compliance,  Dg£,  is 


(  -  ctAT 
a 


(115) 


the  following  results  were  obtained: 

Constant  temperature  and  strain: 

E  .  =  E  +  a„  AE  (■—) 
el  e  F  \a  j/ 

Constant  temperature  and  stress: 


(116a) 


(116b) 
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The  assumption  Ee  =  a^-Eg  (where  E^  is  constant  or  zero)  was 
used  in  obtaining  Equation  (116b)  to  enable  the  result  to  be  written 
in  terms  of  the  master  curve  of  creep  compliance,  D(t/ap),  which 
is  approximately  equal  to  the  reciprocal  of  E(t/ap)  =  E  +  AE(t/a^); 
in  particular,  for  the  power  law  modulus,  Equation  (119)  below,  and 
Ee  =  0,  it  is  well  known  that 


D 


sin  (mr) 
ntT 


(116c) 


Simultaneous  cooling  (or  heating)  at  constant  rates:  Assume 
for  t >0 


e  =  Rt  (R  =  constant) 


AT  =  T  -  Tq  =  Rpt  (Rp  =  constant) 
=  constant 
Then,  we  find 

a 


'ef 


=  Ee  +  "f  T  AE  U  -  e')dr 


(117a) 


(117b) 


■assume  a^, 


One  important  special  case  of  Equation  (117)  results 
=  1  and  let  all  temperature  dependence  be  contained  in 


when  we 
Eg  and  af: 


E  ,  =  E  +  AE(u)du 

ef  e  to 


(118) 


Although  the  temperature  was  assumed  to  be  transient  in  deriving  Equation 
(118),  this  equation  is  also  equal  to  the  isothermal  secant  modulus,  Es  = 
a/f'jy,  for  a  constant  strain  rate  at  temperature  T. 


A  second  important  case  is  one  in  which  AE  and  ap  are 
expressed  as  the  following  power  laws: 


ae  =  Ej  rn  ; 


(119) 


where  Ej,  n,  and  m  are  positive  constants,  Ta  may  be  a  positive  or  nega¬ 
tive  constant,  and  Tp  is  the  temperature  at  which  ap  =  1;  the  temperature 
Ta  is  approximately  10  to  20°F  below  the  glas s -transition  value  T  M'  Both 

O 

(*>  The  constants  m  and  Ta  can  be  found  from  experimental  data  as  follows: 
Guess  a  value  of  Ta  and  plot  the  data  in  the  form  log  ap  versus  log  (T  - 
Ta).  If  the  points  fall  approximately  on  a  straight  line  the  guess  of  T& 
is  the  correct  value  and  m  is  the  magnitude  of  the  log -log  slope.  If  not, 
guess  another  value  of  Ta  and  repeat  the  process. 
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power  laws  in  Equation  (119)  are  very  accurate  for  most  solid  propellant 
over  broad  time  and  temperature  ranges  when  T  >  Tg  (Ref  ).  With  these 
power  laws,  reduced  times,  Equation  (111), can  be  analytically  integrated; 
the  effective  modulus,  Equation  (117b),  then  becomes 

Ee£  =  Ee  +  IT[Es  -  Ej  (120a) 


where 


E  =  isothermal  constant  strain  rate  secant  modulus, 
°  cr /t  at  temperature  T 


aFE 

=  E  +  -y 
e  1 


*  (*r 


a„  a_,n  E , 

=  E  +  1 - -  t’11 

e  1  -  n 


(120b) 


For  cooling  (T  <  Tq): 


iT  - 


1  -  n 


(m+  1) 


-1  - 


1  -n  \  AT 


,  \1 -n  f  1  -f  xi  -  2) 

AT~)  J  m+1  ^  "x)"n  x™  dx  (1 

Arn/  (AT  +  l)m+1 


20c) 


while  for  heating  (T  >  TQ): 


IT  - 


1  -  n 


(m  +1) 


1  + 


1-n  \  AT 


n/  1 


( 1 2  Od ) 


These  results  are  expressed  in  terms  of  the  normalized  temperature  change, 
ATn>  defined  as 


which  is  a  convenient  parameter  to  use  in  a  graphical  representation  of  I_ 
since,  for  cooling,  -  1  <  AT  <  0. 

The  factor  Ij  is  drawn  in  Figures  101  through  104  for  ranges 
of  n  and  m  typical  of  solid  propellant  and  binders.  These  are  actually  the 
exponent  ranges  one  finds  when  relaxation  data  are  reduced  according  to 
current  practice,  in  which  the  tacit  assumptions  ap  =  1  and  Eg  =  constant 
are  made.  When  m  =  12,  the  power -law  shift  factor,  aj  in  Equation  (119), 
is  very  close  to  the  widely  used  WLF  factor  over  its  usual  x'ange  of  validity 
for  solid  propellant  and  binders. 
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Figure  101. 


Modulus  and  Stress  Ratios  for  Simultaneous 
Cooling  (or  Heating)  and  Straining,  m  =  10, 


I 


( 


1 
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Figure  102.  Modulus  and  Stress  Ratios  for  Simultaneous 
Cooling  (or  Heating)  and  Straining,  m  =  12. 
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Figure  104.  Modulus  and  Stress  Ratios  for  Simultaneous 
Cooling  (or  Heating)  and  Straining,  m  =  16, 


-200- 


UOCKHIIP  PROPULSION  COMPANY 


AFRPL-TR-72-29 


It  is  also  important  to  observe  that  the  ordinate  in  these 
figures  can  be  interpreted  as  the  stress  ratio  (a  -  cre)/(a8  -  ae)  where 

a  =  actual  stress  due  to  simultaneous  heating  or  cooling 
and  straining 

cr  =  long  time  elastic  stress  =  (f  -  aAT)E 

G  6 

a  a  stress  due  a  constant  strain  rate  at  a  constant 
temperature  =  («  -  c*AT)E 

s 

This  statement  is  verified  by  multiplying  Equations  (120a)  and  (120b) 
through  by  the  strain  due  to  stress,  £  -  aAT. 

The  curves  in  Figures  101  through  104  can  be  used  to: 

(1)  Calculate  the  effective  modulus  and  stress  in  a 
specimen  subjected  to  constant  strain  rate  and 
cooling  or  heating  rate,  given  the  secant  modulus, 

Es,  and  the  condition  ap  s  1. 

(2)  Check  the  assumption  ap  =  1  (which  is  used  in  most 
current  methods  of  characterization  and  grain  analysis) 
by  comparing  the  theoretical  stress  prediction  with 
experimental  values.  If  ap  =  1  is  not  valid,  the  values 
of  ap  needed  to  achieve  agreement  with  experimental 
data  can  be  found  from  the  figures  together  with 
Equation  (120a);  the  stress  predicted  under  the 
assumption  that  ap  ^  I  is  always  larger  than  that  for 
ap  =  1  with  cooling,  or  smaller  than  that  for  heating. 

(3)  Correct  elastic  grain  analyses  for  transient  tempera¬ 
ture  effects.  It  can  be  shown  that  I-p  is  not  restricted 
to  a  simple  bar  under  uniaxial  stress,  but  is  applicable 
to  actual  grain  geometries  whenever  the  temperature 
does  not  vary  appreciably  with  respect  to  (r,  9,  z);  see 
the  following  subsection  VI,  2,  c. 

Finally,  attention  is  called  to  the  significance  of  the  m  =  0 
case  in  the  figures,  for  which  Iy  =  1.  In  view  of  Equations  (119)  and  (120a), 
this  value  of  m  implies  that:  (1)  all  temperature -dependence  is  contained 
in  Ee  and  ap,  and  (2)  that  the  effective  modulus,  Eg£,  under  a  transient 
temperature,  T(t),  is  equal  to  the  isothermal  secant  modulus,  E„,  at  tem¬ 
perature  T(t);  observation  (2)  also  follows  from  Equation  (118),  which  is 
not  restricted  to  a  power-law  modulus. 

Inasmuch  as  a^  reflects  the  temperature  dependence  of  internal 
viscosity  (Ref  12),  one  would  expect  it  to  be  the  strongest  function  of  tem¬ 
perature.  However,  in  a  nonlinear  study  on  propellant  bars  subjected  to 
simultaneous  cooling  and  straining  (Ref  15),  good  agreement  between  experi¬ 
ment  and  theory  was  found  by  using  the  product  of  (e  -  aAT)  and  isothermal 
secant  moduli  at  the  instantaneous  temperature.  This  observation  implies 
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for  the  present  linear  case  that  a^  ~  1.  Moreover,  it  was  found  that  stress 
in  the  clamped  and  cooled  bar  reported  in  Figure  2  of  Reference  2  could  be 
accurately  predicted  in  the  same  way.  Such  agreement  may  have  been  for¬ 
tuitous;  this  bar  problem  is  reexamined  in  Section  V,  wherein  it  is  shown 
that  when  very  small  strain  compliance  data  are  used  together  with  the  theory 
for  a  TSM,  theory  and  experiment  are  in  good  agreement. 

In  view  of  these  comparisons,  it  appears  that  the  strain  level 
has  a  significant  effect  on  the  type  of  thermorheological  behavior  exhibited 
by  propellant.  Whether  or  not  Equation  (110),  in  which  Ee  and  ap  may 
depend  on  temperature,  can  be  used  with  confidence  to  predict  stresses 
within  an  acceptable  degree  of  accuracy,  cannot  be  answered  without  a  more 
extensive  experimental  study.  However,  the  present  indications  are  that 
these  linear  constitutive  equations  are  acceptable  approximations,  at  least 
under  monotonic  cooling  and  straining. 

c.  Comments  on  Structural  Analysis  Methods  for 

Thermorheologically  Complex  Materials  (TCM) 

Structural  analysis  of  viscoelastic  materials  whose  constitutive 
equations  are  those  given  in  Equation  (110),  and  having  both  a  transient  and 
a  nonuniform  temperature  distribution,  generally  requires  the  use  of  numeri¬ 
cal  methods  that  are  significantly  more  involved  than  those  used  for  elastic 
media.  This  observation  applies  to  both  a  TSM  and  a  TCM;  it  is  based  on 
the  fact  that  the  correspondence  principle  is  not  valid  when  temperature 
varies  with  respect  to  both  time  and  space  (Ref  16). 

If  the  temperature  in  the  viscoelastic  materials  is  essentially 
independent  of  time  during  the  period  of  application  of  external  loads  and/or 
displacements,  the  correspondence  principle  is  valid  for  both  TSM  and  TCM 
(Ref  ).  This  means  that  even  with  a  spacewise  nonuniform  temperature, 
important  problems  (such  as  grain  response  to  ignition  pressure  or  grain 
response  to  aerodynamic  heating  of  the  case)  can  be  solved  by  the  simple 
quasi-elastic  method  plus  superposition  (Ref  16). 

On  the  other  hand,  if  the  temperature  is  transient,  but  is 
essentially  spacewise  uniform  in  the  viscoelastic  material,  there  is  a 
difference  between  the  analysis  methods  that  can  be  used  with  a  TSM  and 
with  a  TCM.  The  correspondence  principle  is  applicable  in  the  former 
case  because  the  constitutive  equations,  when  Laplace -transformed  with 
respect  to  reduced  time  £,  reduce  to  algebraic  relations  of  the  same  form 
as  those  for  elastic  materials.  This  simplification  does  not  result  when 
the  Laplace  transform  is  applied  to  Equation  (110)  if,  Ge,  Ke,  and/or  Sp¬ 
are  functions  of  temperature  (and  therefore  functions  of  time).  Direct 
numerical  methods  of  analysis  may  therefore  be  needed  with  a  TCM,  unless 
certain  conditions,  such  as  those  given  in  the  following  illustrations,  are  met. 

Consider  first  the  problem  of  predicting  stresses  and  displace¬ 
ments  in  a  solid  propellant  grain,  in  which  the  following  three  conditions  occur: 

(1)  The  grain  is  mechanically  incompressible 

(2)  The  case  is  mechanically  rigid 
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(3)  The  difference  in  temperature  between  current  and 
stress -free  values  is  AT  =  AT(t)  in  the  grain,  and 
ATC  =  ATc(t)  in  the  case. 

Note  that  ATC  and  AT  are  not  necessarily  the  same,  which  allows  for  the 
possibility  of  short-term  aerodynamic  heating  of  the  case.  It  will  be  shown 
that  the  grain  displacements  and  strains  are  identical  with  those  in  an  elastic 
grain,  and  that  the  grain  stresses  are  the  same  as  those  in  an  elastic  grain 
with  the  exception  that  the  elastic  Young's  modulus,  E,  is  replaced  by  effective 
moduli. 


The  proof  is  accomplished  by  showing  that  these  displacements 
and  stresses  satisfy  all  of  the  governing  viscoelastic  equations  for  the  TCM. 
First,  it  is  observed  that  the  elastic  grain  displacements  (ur,  Ug,  uz)  have 
the  form 


where 


u 


=  fr6 


+  8,  6, 


(122) 


6  =  a AT  and  6C  =  ATC 

with  similar  expressions  for  uQ  and  uz.  In  general,  fr  and  gr  are  functions 
of  r,  0,  and  z,  but  not  of  time,  grain  modulus,  and  thermal  loads  6  and  6C. 
This  form  of  the  displacements  is  a  result  of  (1)  linearity,  which  implies 
that  the  solution  is  proportional  to  the  inputs  6  and  6C;  (2)  dimensional  con¬ 

siderations,  in  that  there  is  only  one  modulus  (i.  e.  ,  E)  in  the  problem,  and 
its  units  (e.  g.  ,  psi)  are  inconsistent  with  Equation  (122)  (of  course,  if  the 
material  were  compressible,  as  defined  by  the  bulk  modulus  K,  the  dimen¬ 
sionless  ratio  E/K  could  appear  in  fr  and  gr);  and  (3)  the  fact  that  the  time 
variable  enters  the  governing  equations  of  elasticity  through  only  T  and  Tc. 
Strains  follow  directly  from  Equation  (122)  by  spatial  differentiation,  and 
therefore  are  independent  of  E  and  are  proportional  to  6  and  6C. 

The  elastic  shear  stresses  ( Tf q ,  Tqz,  t  )  and  normal  stress 
differences  (or  -  erg,  erg  -  ctz,  -  oz)  follow  directly  By  substituting  the 
strains  into  the  stress -strain  equations.  Because  the  body  is  incompressible, 
the  normal  stresses  are  not  uniquely  defined  by  the  strains,  and  one  must 
draw  upon  the  equilibrium  equations  to  complete  the  solution.  These  steps 
lead  finally  to  normal  and  shear  stresses  of  the  form 

<rr  =  [mr6  +  nr  6c]e  (123) 

with  similar  expressions  for  the  five  other  stresses,  where  mr  and  nr  may 
be  functions  of  r,  0,  and  z,  but  not  of  t,  E,  6,  and  6C. 

For  a  TCM,  it  is  postulated  that  the  displacements  and  strains 
are  identical  with  those  in  the  elastic  grain,  e.  g.  ,  Equation  (12 2),  and  that 
the  stresses  are  of  the  form 

cr  =  m  6  E'  +  n  6  E"  (124) 

r  r  ef  r  c  ef 
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where  mr  and  nr  are  the  same  functions  as  in  elastic  solution  Equation  (123), 
and  the  effective  moduli  are 


E.f  *  E0  +  ar  r‘/'A EU-t>  57  dT 

0 

(125a) 

and 

■  Ee  +  V  V/'AEU-r)  di 

(125b) 

Also, 

E  =  3G  ,  AE  =  3  AG 
e  e 

(125c) 

The  material  properties  in  Equation  (125)  may,  in  general,  be 
the  transient  grain  temperature. 

functions  of 

The  postulated  grain  displacements  satisfy  boundary  conditions 
at  the  case  and  the  incompressibility  condition  (er  +  +  «z  =  36)  because 

they  are  independent  of  material  properties  and  are  the  same  as  in  the 
elastic  grain.  The  postulated  stresses,  e.  g.  ,  Equation  ( 124), satisfy  the 
stress -free  boundary  conditions  at  the  grain's  free  surfaces  because  mr  and 
nr,  as  derived  for  the  elastic  grain,  vanish  on  these  surfaces.  The  remain¬ 
ing  equations  to  be  checked  are  the  equilibrium  and  constitutive  equations. 
Consider,  for  example,  the  radial  equilibrium  equation, 

8°r  t  1  3_Tre  ,  8’r.  .  . 

3r  r  90  3z  r  _  0 

(126) 

Now,  the  elastic  stresses  satisfy  these  equations  regardless  of  the  magni¬ 
tudes  of  6  and  6C.  Therefore  the  set  of  functions  m  (mr,  mg,  .  .  .  )  and  the 
set  of  functions  n  (nr,  ng,  .  .  .  )  separately  satisfy  the  equilibrium  equations; 
e.  g.  , 

3m  ,  3m  „  3m  m  -  m„ 

r  1  .  re  rz  r  0 

3r  +  r  99  +  9z  +  r  “  0 

(127) 

Substitution  of  viscoelastic  stresses,  e,  g.  ,  Equation  (124),  into  the  equili¬ 
brium  equations  obviously  leads  to  equations  of  the  type  represented  by 
Equation  (127),  multiplied  by  the  time -dependent  functions  E'e^  and  E"^; 
equilibrium  is  therefore  satisfied. 

Verification  of  the  constitutive  Equations  (110)  is  accomplished 
in  like  manner.  Namely,  substitute  the  strains,  as  derived  from  Equation 
(122),  e.  g.  ,  into  these  equations  and  use  the  fact  that  the  equations  are  valid 
for  constant  E;  from  this  result  and  the  knowledge  that  fr,  fg,  .  .  .  and 
gr,  gg,  .  .  .  are  all  independent  of  time,  the  equations  are  found  to  be  valid. 
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That  the  viscoelastic  solutions  postulated  above  are  the  only 
ones  that  satisfy  all  of  the  governing  equations  can  be  shown  by  using  the 
same  technique  which  is  employed  to  establish  uniqueness  of  elasticity 
solutions  (Ref  17),  together  with  the  fact  that  thermodynamics  (Ref  12) 
places  certain  restrictions  on  the  material  properties  in  Equation  (110). 

Observe  that  effective  moduli,  Equation  (125),  reduce  to  that 
defined  in  Equation  (117b)  when  the  rate  of  thermal  loading,  d6/dt  and/or 
d5c/dt,  is  constant.  Therefore,  if  the  power  laws  in  Equation  (119)  are 
valid  here,  Equation  (120)  and  Figures  101  through  104  can  be  used  to  pre¬ 
dict  thermal  stresses  in  die  grain. 

If  the  restriction  of  mechanical  incompressibility  in  the  pre¬ 
ceding  example  is  removed,  one  cannot  necessarily  expect  the  quasi-elastic 
method  of  analysis  to  yield  accurate  solutions.  One  situation  in  which  this 
accuracy  can  be  expected  is  when  the  equilibrium  bulk  modulus  Ke  and  the 
equilibrium  shear  modulus  Gg  are  both  functions  of  temperature  tnrough  the 
same  factor,  ap,  that  appears  in  front  of  the  integrals  in  Equation  (110). 

As  proof  of  this  remark,  a  new  set  of  six  stresses  a'v,  a .  .  .  tLz,  where 
CTr  s  CTr/aF*  °0  =  CT0/a F'  e^c»  *8  defined.  Then,  when  all  of  the  govern¬ 

ing  field  and  boundary  equations  are  written  using  these  primed  stresses, 
they  are  found  to  be  identical  with  those  for  a  TSM.  This  result,  in  turn, 
not  only  implies  that  the  approximate  method  of  quasi-elastic  analysis  plus 
superposition  (Ref  16)  can  be  used  with  confidence  in  its  accuracy,  but  also 
that  the  correspondence  principle  and  its  consequences  are  valid  hei;e 
(Ref  16).  § 

Approximate  stress  solutions  to  the  problem  at  hand  are  the 
same  as  shown  in  Equation  (124),  except  that  mr  and  nr  are  now  functions 
of  Poisson's  ratio  and  appear  under  the  integral  in  the  effective  moduli, 
Equation  (125)  [instead  of  appearing  in  front  of  the  moduli  in  Equation  (124)]; 
Poisson's  ratio,  v,  for  this  case  is  a  function  of  reduced  time  difference, 

£  -  £',  through  the  relation: 

11  =  -«-«')  *  (128> 


where 


G'  =  Ge/aF  +  AG(£-  £') 
K*  =  Ke/aF  +  AK(£-£>) 


The  displacement  functions,  e.  g.  ,  fr  and  gr  in  Equation  (1 22), 
may  also  depend  on  Poisson's  ratio.  In  this  case,  we  write,  e.  g.  , 


o 


where  v  is  given  by  Equation  (128). 
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d.  Strain  Analysis  of  Long,  Circular -Port  Grains  with 
Nonlinear  Vacuole  Dilatation 


When  a  case-bonded  grain  is  cooled  from  its  stress-free  tem¬ 
perature,  tensile  hoop  strains  develop  which,  if  large  enough,  produce 
vacuole  dilatation,  usually  by  a  dewetting  process.  This  phenomenon 
reveals  itself  as  a  nonlinear  dependence  of  bore  hoop  strain  and  radial  dis¬ 
placement  on  the  temperature  change.  A  simple  problem  is  analyzed  here, 
and  hoop  strain  is  expressed  in  terms  of  dilatation  measured  on  strip 
biaxial  specimens.  Comparison  with  STV  data  is  then  made. 

(1)  Assumptions  and  the  Governing  Equations 


It  is  assumed  that  the  grain's  temperature  distribution  is 
axially  symmetric  and  that  the  grain  is  bonded  to  a  mechanically  rigid  case, 
which  implies  that  its  axial  and  hoop  strains  are  both  equal  to 


e  =6 
c  c 


where,  as  before 


6 

c 


a  AT 
c  c 


where 


and 


«c  =  case  thermal  expansion  coefficient 


AT  =  difference  between  case  temperature,  T  ,  and 
the  stress -free  temperature. 

The  engineering  hoop  strain,  €  ,  is  (Ref  18)W 


uz  y/z 

i  +  a  (<c  +  i)  jM  -  l 


(130) 


r 


v  r  dr 
a  o  o 


(a  <  r  <  b) 
'  o  —  o 


(131) 


b  =  radius  to  inside  of  case  (small  case  strain  is 
assumed) 


rQ  =  radius  to  a  generic  material  point  in  the  grain's 
°  stress -free  state 


Plane  strain  (c  z  =  0)  is  assumed  in  Reference  18.  The  solutions  in  this 
subsection  can  be  changed  to  those  for  plane  strain  by  making  the  sub¬ 
stitutions  6C — ►  6C  (l  +  vc)  and  6 — +  [6C  ( 1  +  vc)/3]  ,  where  vc  =  case 
Poisson's  ratio  &  0.3. 
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v  =  local  change  in  area  per  unit  initial  cross- 
sectional  area 

Also,  the  radial  displacement,  u,  is 


u 


r 

o 


€ 


e 


(132) 


So  far,  these  equations  for  €g  and  u  are  exact,  regardless  of  strain  level 
and  the  way  in  which  temperature  varies  with  respect  to  radius  and  time. 

If  the  grain  is  mechanically  incompressible,  the  relative  area  change  va 
is 

v  =36-6  (133) 

a  c  '  ' 

where 


6=o  AT 

AT  =  difference  between  grain  temperature  and  the 
stress -free  temperature 

and  the  strain,  Equation  (130),  can  be  found  simply  be  performing  the 
integration  in  Equation  (131).  On  the  other  hand,  the  dilatation  is  not  known 
a  priori  when  vacuole  dilatation  exists. 

It  will  now  be  assumed  that  the  grain's  local  dilatation,  v, 
consists  of  only  thermal  expansion  and  nonlinear  dilatation  due  to  vacuole 
formation  and  growth  (e.  g.  ,  dewetting);  volume  change  due  to  the  sum  of 
the  normal  stresses  is  neglected,  and  v  is  assumed  to  be  a  unique  function 
of  only  hoop  strain  and  temperature  histories;  namely, 

v  =  v (T ,  eQ)  =  36  +  vv  (134) 


where  v  is  the  vacuole  dilatation.  This  representation  is  probably  quite 
good  as  long  as  the  temperature  is  a  constant  or  a  decreasing  function  of 
time.  Grain  radial  stress  probably  has  some  effect  on  the  amount  of  vacuole 
dilatation,  but  the  stress  is  smallest  where  this  dilatation  is  greatest,  namely 
near  the  bore. 


It  should  be  noted  that  36  in  Equation  (134)  is  the  dilatation 
in  the  absence  of  stress;  introduction  of  a  so-called  "strain-dependent 
coefficient  of  thermal  expansion"  is  not  needed  because  this  behavior  is 
implicitly  contained  in  vt/. 

At  any  constant  temperature,  vacuole  dilatation  of  a 
specimen  for  a  constant  strain  rate  has  the  behavior  shown  in  Figure  105 
(Ref  19).  The  abscissa  is  "strain  due  to  stress,"  which  is  the  applied 
engineering  strain  referred  to  unstressed  specimen  dimensions  at  tem¬ 
perature,  T. 
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Figure  105  Typical  Curve  of  Nonlinear  Vacuole  Dilatation  versus 
Strain  of  a  Tensile  Specimen 


The  term  vv  can  be  represented  quite  well  by  two  straight  lines: 


v 

v 


£T 
f  T 


<  £d 
>£d 


(135) 


where  c  is  the  slope  of  the  line  and  ^  is  the  "dewetting  strain";  both  of 
these  material  properties  may  be  functions  of  temperature  and  possibly  of 
strain  and  temperature  histories. 


By  combining  Equations  (134)  and  (135),  and  using  the  fact 
that  the  strain  due  to  stress  (with  <z  =  6C)  is  approximately  -  36/2  +  6 c/2, 
one  finds  the  "dilatational  constitutive  equation": 

,  6 

v  =  36  for  j  6  -  ~  +  (136a) 

3  6c 

v  =  36  +  c(£0  -  f  6  +  -f  -  ed)  (136b) 

3  6c 

for  €9  >  2  6  •  T  +  £d 

(2)  Grain  Dilatation  Analysis 

For  simplicity,  in  the  following  discussion  the  grain  and 
case  temperatures  are  assumed  to  be  equal  and  spacewise  uniform. 


First,  let  us  solve  the  small  strain  problem;  extension  to 
large  strain  theory  wall  follow.  In  terms  of  displacement,  the  dilatation  is 


v  - 


9u 

dr 

o 


+  6. 


(137) 
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Equate  Equations  (136)  and  (137),  use  the  relation  =  u/rQ,  and  then 
integrate  to  find: 


For  no  vacuole  dilatation  [condition  of  Equation  (136a) 
satisfied  everywhere]: 


-  6) 


(138) 


For  vacuole  dilatation  between  the  port  radius,  a  ,  and 
an  intermediate  radius,  r^  [condition  of  Equation  \  136a) 
satisfied  only  in  the  annulus  r^  <  rQ<  b]: 


er 


!<«-¥) 


-/ 2  n 


[!  <‘C-6)](I 


-f> 


2  -c 


2;  « 


c 

2  -  c 


€ 


d 


for  aQ<  rQ<  rd, 


(139) 


and  is  given  by  Equation  (138)  for  rQ  >  r^. 


•  For  vacuole  dilatation  throughout  the  web  [condition  of  Equation 
(136b)  satisfied  everywhere]: 


(9i  = 


(6  -  ^)  +  [I  (6c-6)  +  rrr'd]  <r> 


2  -c 


(140) 


c  fd 


Solution  to  the  finite  strain  problem  is  obtained  by  using 
Equation  (130);  namely, 

«e  =  (1  +  2eei)l/2  -  1  U41) 

where,  rigorously,  is  the  linear  theory  strain  if  there  is  no  vacuole 
dilatation. 


In  the  presence  of  vacuole  dilatation,  Equation  (141)  is 
only  approximate  when  is  the  strain  given  in  Equations  (13  8)  through 
(140).  However,  it  has  been  found  that  this  approximation  is  excellent  for 
bore  hoop  strains  as  high  as  100  percent;  this  was  established  by  solving 
the  nonlinear  equations  by  the  following  iteration  method: 

•  Equation  (141),  which  is  called  the  first  approximation,  is 
substituted  into  Equation  (136),  from  which  v  is  calculated. 
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•  The  area  change  v  is  calculated  from  the  relation  =  v  -  6  , 
and  is  then  substituted  in  Equation  (131)  in  order  to  calculate!. 

•  The  second  approximation  to  hoop  strain  is  then  calculated  by- 
using  Equation  (13  0),  together  with  the  distribution  of  I  over  the 
web  which  was  found  in  the  second  step. 

The  above  three  steps  are  then  repeated  by  starting  with  the  second  aporoxi- 
mation  for  hoop  strain.  This  process  is  repeated  until  the  difference  between 
successive  approximations  is  as  small  as  desired. 

A  computer  program  was  written  to  calculate  hoop  strain 
by  the  above  iteration  technique,  and  a  wide  range  of  examples  (b/a  =  2.71, 
5.0,  10.0;  20°F  <  |  AT  |  <  240°F;  0.  10  <  c  <  1.0;  1.0%  <  f  d  <  15%)  was 

studied  in  order  to  determine  (1)  if  the  iteration  process  is  convergent  and 
(2)  conditions  for  which  the  first  approximation,  Equation  (141),  is  accurate 
enough  for  engineering  purposes.  Figures  106  and  107  snow  several  results 
for  bore  hoop  strain  versus  temperature.  The  solid  lines,  which  are  called 
"exact  solutions",  are  actually  the  hoop  strains  predicted  after  making  four 
iterations.  In  all  cases,  it  was  found  that  the  difference  between  the  third 
and  fourth  iterations  was  less  than  2  percent  (and  often  much  less)  of  the 
hoop  strain. 


The  values  of  and  c  used  in  constructing  these  graphs 
were,  for  simplicity,  assumed  to  be  independent  of  temperature.  However, 
the  hoop  strain  equations,  (138)  through  (141),  and  the  iteration  technique, 
are  not  restricted  in  this  way.  Furthermore,  the  choice  of  c  =  0.5  was 
selected  because  it  is  typical  of  the  slope  normally  found  for  propellant. 
Also,  the  difference  between  the  first  approximation  and  the  exact  solution 
will  usually  be  much  less  than  shown  in  the  figures  because  actual  b/aQ 
ratios  are  generally  smaller  than  5  or  10. 

A  conclusion  that  can  be  drawn  from  Figures  106  and  107 
is  that  the  first  approximation  for  hoop  strain,  Equation  (141),  is  suffi¬ 
ciently  accurate  for  most  engineering  needs.  That  this  equation  is  so 
accurate  is  not  very  surprising  because  it  is  the  exact  solution  for  the 
limiting  situations  of  mechanical  incompressibility  and/or  small  strains. 

Figure  108  shows  the  bore  strains  predicted  by  using 
Equations  (138)  through  (141)  with  two  sets  of  temperature -independent 
dilatation  properties  (c,  ed)  that  are  typical  of  the  uniaxial  data  in  Reference 
1.  It  is  seen  that  the  vacuole  dilatation  is  sufficient  to  account  for  most 
of  the  difference  between  mechanical  incompressibility  theory  and  experi¬ 
ment, 
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e.  Micromechanics  Theory  of  Thermal  Expansion 


The  exact  solution  for  the  thermal  expansion  coefficient  of  a 
two -phase,  linear  elastic  composite  is  (from  Ref  13): 


where 


a  =  a 


K 


L 


K, 


(142) 


Also,  K  is  the  bulk  modulus  of  the  composite,  subscripts  _1_  and  2_  refer  to 
the  phases,  and  a  is  the  rule -of-mixtures  value,  v^a^  +  v^a  (vj  and  v~  are 
the  volume  fractions). 

Prior  to  dewetting,  aluminum  plus  rubber  binder  is  assumed 
to  be  Phase  1,  and  the  oxidizer  is  Phase  2.  After  complete  dewetting,  the 
vacuoles  are  assumed  to  become  Phase  2,  and  Phase  1  is  still  aluminum 
plus  rubber. 


For  propellant  without  any  voids,  the  rule -of-mixtures 
formula  is  a  very  good  approximation;  viz.  , 

a  *  «  (143) 


This  approximation  follows  from  the  fact  that  the  binder  has  a  very  low 
shear  modulus  compared  to  that  of  the  aluminum  and  ammonium  perchlorate 
(AP)  which,  in  turn,  implies  K  »  (Ref  13).  It  should  be  added  that 
is  a  lower  bound  on  the  propellant's  bulk  modulus.  This  observation, 
together  with  the  fact  that  Kz  >  Kj  and  aj  >  a^,  implies  that  rule -of -mixture's 
formula  (143)  is  actually  an  upper  bound  on  the  expansion  coefficient  of  a 
void -free  propellant. 


Similarly,  the  rule -of-mixtures  formula  can  also  be  used  to 
predict  the  expansion  coefficient  of  what  has  been  termed  Phase  1  in  the 
above  discussion;  namely,  the  two-phase  system  consisting  of  the  rubber 
binder  plus  aluminum.  Hence 


“i  - 


vALaAL  +  vBa  B 


(144) 


where  the  volume  fractions,  v^^  an^  vb’  are  calcu^eti  here,  with 

only  the  volume  of  aluminum  plus  binder  being  considered. 
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By  combining  Equations  (143)  and  (144),  and  referring  all 
volume  fractions  (v^p,  v^L*  and  v-g)  to  the  total  propellant  volume,  the 
overall  rule -of -mixtures  formula  becomes 

“  =  VAP  aAP  +  vALaAL  +  vBa  B 

When  the  propellant  is  in  a  fully  de wetted  state,  such  that 
there  is  negligible  mechanical  interaction  between  AP  and  binder,  the 
overall  expansion  coefficient  becomes  o^,  Equation  (144).  This  statement 
follows  from  the  obvious  fact  that  the  overall  expansion  coefficient  of  a 
material  with  holes  is  equal  to  that  of  the  material  itself. 

It  should  be  emphasized  that  Equation  (145)  cannot  be  expected 
to  be  valid  if  any  voids  exist,  regardless  of  their  origin.  For  example, 
voids  may  exist  in  the  propellant  as  a  result  of  curing  conditions,  or 
they  may  develop  under  a  changing  temperature  with  or  without  the  applica¬ 
tion  of  external  forces.  Therefore,  since  for  typical  propellant  properties 
a  <  ap  and  assuming  that  the  aluminum  and  rubber  do  not  debond,  one 
expects  the  propellant  coefficient  of  expansion  measured  in  the  laboratory 
to  fall  within  the  range 

a  <  q  <  otj  (146) 

Finally,  it  is  to  be  noted  that  all  constituent  thermal  expansion 
coefficients  used  in  the  above  discussion  are,  rigorously,  in -situ  values; 
i.  e.  ,  values  for  the  rubber,  aluminum,  and  AP  in  the  chemically  and 
mechanically  combined  state.  The  assumption  that  they  are  the  same  as  in 
the  uncombined  state  is  probably  not  serious,  and  will  be  used  later  in  this 
report. 


3.  EXPERIMENTAL  INVESTIGATIONS 
a.  Approaches  Considered 

A  significant  part  of  this  investigation  was  the  review  and 
development  (when  necessary)  of  experimental  techniques  for  measuring 
both  propellant  specimen  deformation  and  subsequent  dilatation.  A  dis¬ 
cussion  of  the  measurement  techniques  and  devices  that  were  considered 
for  possible  use  in  this  program  can  be  divided  into  the  three  following 
categories: 

(1)  Refinement  of  existing  techniques 

(2)  Combinations  of  existing  techniques  into  a  system  whose 
component  parts  complement  each  other  to  eliminate, 
define,  or  minimize  the  deficiencies  of  any  single  technique 

(3)  The  development  of  new  concepts  which,  although  based 
upon  known  physical  phenomena,  may  be  as  yet  unused  for 
the  measurements  desired  in  this  study 
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In  Category  1  would  be  the  capacitive  transducer  principle. 

This  principle  offers  a  number  of  advantages  over  the  resistive,  inductive, 
and  other  types  of  displacement  transducers.  The  mechanical  force  require¬ 
ment  is  small,  the  transducer  is  easily  shielded  (in  contrast  to  magnetic 
systems),  and  the  temperature  coefficient  of  air  (the  dielectric  most  com¬ 
monly  used  in  capacitive  transducers)  is  1  to  2  orders  of  magnitude  smaller 
than  the  temperature  coefficient  of  most  materials. 

Several  principles  are  available  for  the  conversion  of  capaci¬ 
tive  variation  into  a  voltage  or  current  signal,  including  bridges,  electro¬ 
metric  methods,  resonance,  and  frequency  variation  methods. 

The  performance  of  some  of  the  capacitive  circuits  available 
on  the  market  is  capable  of  very  high  sensitivities  in  terms  of  displacements 
perpendicular  to  a  pair  of  parallel  plates.  Since  the  output  impedance  can  be 
kept  small  (in  the  range  of  several  thousand  ohms),  by  suitable  choice  of 
circuit  resistors,  the  output  current  can  be  measured  by  a  micro  -  or 
milliammeter  or  directly  by  recorder,  without  the  use  of  an  amplifier,  and, 
therefore,  without  amplifier  noise  and  possible  distortion.  Typical  values 
of  output  current  range  from  -25  to  +250  microamperes  into  a  load  of  1000 
ohms  or  less  for  a  capacitance  variation  of  ±7  pf  (sensitivity  36  micro- 
amperes/pf). 


The  sensitivity  of  some  of  these  transducers,  for  a  variation  of 
the  distance  d  between  the  two  plates  of  the  transducer  depends,  of  course, 
on  the  distance  between  the  plates  (sensitivity  is  approximately  equal  to  l/d2). 
For  a  two -plate  capacitor  having  a  plate  distance  of  about  5/1000  of  an  inch, 
the  sensitivity  is  of  the  order  of  2000  volts/inch  over  a  short  range  of 
displacement. 


The  potential  use  of  capacitive  devices  for  dilatation  measure¬ 
ments  is  illustrated  in  the  sketch  below.  The  first  sketch  shows  a  biaxial 
specimen  where  the  dotted  region  covers  a  uniform  strain  field  and  the  dark 
square  is  one  plate  of  the  capacitor. 
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The  second  sketch  shows  the  reduction  in  thickness  that  occurs 
under  load,  that  causes  the  plate  separation  to  lessen  and  the  dielectric  to 
change,  and  that  thus  causes  capacitance  changes,  which  can  be  measured 
accurately  (i.  e.  ,  one  millionth  of  an  inch  induces  a  2 -millivolt  signal).  For 
small  plate  separations  this  technique  obviously  has  some  potential  because 
of  the  high  sensitivity  to  displacements.  As  a  result,  the  technique  was  con¬ 
sidered  for  use  with  the  strip  biaxial  specimens,  The  measuring  principle 
depends  on  relatively  high  voltage  (approximately  50  volts)  to  power  the 
capacitance  plates  for  the  separation  distances  commonly  seen  with  strip 
biaxial  specimens  (0.375 -inch  thickness).  Voltages  of  this  magnitude  were 
too  high  to  be  used  safely  in  an  open  laboratory. 

In  addition  to  the  high  voltage,  the  fact  that  the  plates  had  to  be 
rigidly  bonded  to  the  propellant  surface  presented  another  drawback,  that  of 
localized  disturbance  of  the  stress  (strain)  field.  As  a  result  of  these  dis¬ 
advantages,  plus  the  fact  that  specimen  dilatation  may  affect  the  capacitance, 
the  capacitive  devices  were  not  considered  further  for  either  the  biaxial  or 
poker  chip  specimens. 

In  Category  2  are  placed  conventional  measurement  techniques 
such  as  linear  variable  differential  transducers  (LVDTs),  linear  poten¬ 
tiometers,  optical  strain  gages,  etc,  along  with  finesse  in  specimen  selec¬ 
tion,  construction,  and  handling.  For  example,  for  a  poker  chip  0.33-inch 
thick  by  4.0  inches  in  diameter,  the  change  in  circumference  at  its  edge 
center,  under  a  temperature  change  of  100°F,  is  more  than  l/lO  inch  (under 
the  condition  that  the  platens  be  held  rigidly  apart  during  shrinkage). 

With  this  magnitude  of  circumferential  length  change  and  its 
associated  "miniscus"  volume  change,  either  change  is  easily  measured 
(from  the  standpoint  of  signal  strength). 

The  obvious  advantage  of  measuring  the  change  in  poker  chip 
circumference,  rather  than  the  radial  motion,  led  naturally  to  the  device 
discussed  in  more  detail  in  subsection  VI,  3,  b,  (2),  following. 

In  Category  3  are  the  electro -optical  devices.  In  general, 
electro -optical  systems  for  monitoring  displacements  incorporate  a  special 
photo -multiplier  tube  to  electronically  servo -lock  on  an  optical  discontinuity. 
The  servo  locks  on  any  black-and-white  target,  sharp  edge,  or  geometrical 
dis  continuity. 


In  typical  operation,  the  system  locks  on  and  tracks  a  black- 
and-white  target,  the  image  of  which  is  focused  on  the  photocathode  by  a 
lens  or  a  telescope.  A  dark -and -light  electron  image  is  emitted  from  the 
inner  surface  of  the  photocathode  and  accelerated  toward  an  aperture.  The 
servo  holds  the  edge  or  boundary  of  the  black-and-white  image  at  the  aper¬ 
ture  hole,  exactly  splitting  it. 

This  type  of  electro -optical  tracking  system  monitors  the  posi 
tion  of  any  optical  discontinuity  perpendicular  to  the  longitudinal  axis  of  the 
tracker.  Although  the  words  black  and  white  have  been  used  to  describe  the 
target,  it  can  be  any  two-color  interface  capable  of  providing  about  a  3:1 
contrast  ratio. 
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As  the  optical  image  of  the  area  to  be  monitored  is  formed  on 
the  photocathode  by  an  appropriate  lens  system,  the  optical  device  itself 
may  be  remote  from  the  area  being  monitored.  This  is  especially  desirable 
where  thermal  transients  and  hostile  environments  are  to  be  considered. 

The  working  distance  can  be  as  small  as  1  inch,  allowing 
resolutions  of  better  than  one  millionth  of  an  inch.  The  ultimate  resolution 
of  this  device  appears  to  be  limited  by  the  size  and  design  of  the  target  that 
the  tracker  must  follow. 

Also  in  Category  3  is  placed  a  method  whose  feasibility  was 
established  in  this  program.  This  technique  is  based  upon  an  electrostatic 
copying  principle  and  is  described  in  subsection  VI,  3,  b,  (4). 

b.  Test  Equipment  and  Procedures 

All  of  the  tests  were  conducted  on  the  original  batch  of  Lockheed 
Structural  Test  Vehicle  propellant  (LPC  0064 -6  IE),  which  was  cast  and  cured 
in  May  1967.  The  specimens  required  for  the  experimental  phase  of  the  pro¬ 
gram  were  furnished  by  the  Solid  Rocket  Division  of  Rocketdyne.  Because 
of  the  cost  of  the  samples,  only  a  few  specimens  were  made.  Care  was 
taken  to  ensure  that  the  specimens  were  kept  at  relatively  low  humidity,  and 
load  levels  were  carefully  controlled  to  protect  the  specimens  from  un¬ 
necessary  damage  before  testing. 

(1)  Uniaxial  Thermal  Expansion  Tests 

The  test  specimens  used  for  uniaxial  thermal  expansion 
tests  were  cut  from  milled  biaxial  sheets.  Each  specimen  was  trimmed  to 
l/4-inch  cross  section  by  holding  three  sides  and  the  ends  clamped  while 
the  exposed  side  was  shaved.  The  specimen  was  shaved  and  shaped  thusly 
to  avoid  mechanical  damage.  Fine  quartz  fibers  (0.005 -inch  diameter)  were 
bonded  to  each  end  of  the  specimen.  This  assembly  was  suspended  inside 
an  Instron  environmental  chamber  (-100  to  +  600°F)  so  that  specimen  hung 
vertically  by  the  upper  quartz  fiber.  The  lower  fiber  hung  through  the 
chamber  bottom,  where  it  was  attached  to  the  slug  (core)  of  an  LVDT,  A 
special,  miniature  LVDT  was  chosen  to  minimize  the  slug  mass  (200  mg). 

With  this  arrangement  the  specimen  was  subjected  only  to  its  gravitational 
loading  plus  the  tiny  weight  of  the  slug -fiber  string.  The  LVDT  was  powered 
by  a  Hewlett/Packard  carrier  amplifier  recorder,  which  enabled  displace¬ 
ments  of  one  millionth  of  an  inch  to  be  directly  displayed.  With  this  sensi¬ 
tivity,  the  creep  of  the  propellant  under  only  its  own  weight  could  be  observed. 
It  was  of  course  necessary  to  attenuate  this  sensitivity. 

The  barrel  of  the  LVDT  was  mounted  on  the  shaft  of  a 
micrometer  calibrated  in  ten-thousandths  of  an  inch,  which,  through  the 
use  of  its  vernier  scale,  enabled  direct  readings  to  the  fifth  decimal  place. 
This  provided  an  in-situ  calibration  scheme  and  method  of  determining  the 
range  and  linearity  of  the  measuring  system.  At  any  point  in  the  measure¬ 
ment  the  calibration  could  be  checked  or  the  instrumentation  bypassed  by 
observing  micrometer  readings.  The  changes  in  length  of  the  quartz  fibers 
over  the  test  range  were  determined  with  the  same  apparatus  and  test 
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configuration;  the  propellant  specimen  was  simply  removed  and  the  quartz 
fibers  were  linked  with  a  dot  of  cement  characteristic  of  the  size  of  that 
holding  the  fibers  to  the  specimen, 

Air  currents  were  deflected  away  from  the  quartz  fiber/ 
propellant  specimen  through  the  use  of  a  thin  tube  of  plastic  and  a  series  of 
baffles.  Measurements  were  taken  only  after  steady-state  temperatures 
were  achieved  within  the  test  chamber.  At  temperatures  lower  than  about 
-20°F,  frost  built  up  on  the  quartz  fiber  and  nad  to  be  dissipated  with  a  heat 
gun.  However,  the  use  of  the  heat  gun  momentarily  had  little  effect  on  the 
temperature  of  the  propellant  specimen. 

(2)  Poker  Chip  Tests 

The  tests  conducted  on  the  poker  chip  specimens  fell  into 
two  categories:  (1)  those  designed  to  measure  creep  compliance  and  dilatation 
under  different  loading  environments  and  (2)  those  to  measure  thermal  expan¬ 
sion  behavior  under  a  triaxial  stress  state. 

The  initial  task,  and  the  bulk  of  the  experimental  program, 
was  centered  around  the  determination  of  the  creep  compliance  and  mechani¬ 
cal  dilatation  under  both  tensile  and  compressive  loading  conditions,  similar 
to  the  stress  state  at  the  linear/propellant  interface.  Test  temperatures 
selected  were  0,  70,  and  150°F,  although  in  some  cases  temperatures  of  -10 
and  140°F  were  used  because  of  the  availability  of  several  walk-in  tempera¬ 
ture  chambers.  Two  load  levels  of  122  and  222  pounds  were  chosen  because 
these  levels  were  not  expected  to  severely  damage  the  propellant  samples, 
therefore  allowing  them  to  be  subsequently  loaded  several  times  before  sig¬ 
nificant  damage  occurred.  The  stress  at  the  center  of  the  poker  chip  is 
approximately  equal  to  2P/Aq  or,  in  the  case  of  the  selected  loads,  19.4  and 
35.4  psi,  respectively. 

Several  schemes  were  explored  for  measuring  the  dilata¬ 
tion  and  axial  displacement  induced  in  the  poker  chip.  Included  were  shadow¬ 
graph  techniques  [subsection  VI,  3,  b,  (4)].  optical  scanning  (such  as  the 
Physitech  and  Martin  Tracker  type  optical  devices),  and  radial  profilometers. 
The  best  technique  proved  to  be  the  least  exotic,  based  on  conventional  tech¬ 
niques  for  axial  displacement  and  modifications  of  previous  techniques  of 
circumferential  measurements.  A  very  sensitive  LVDT  (0.10-inch  range) 
was  used,  as  shown  in  Figure  109,  to  indicate  changes  in  the  axial  displace¬ 
ment  (specimen  thickness).  The  LVDT  core  was  mounted  on  the  lower  steel 
platen  and  securely  held  in  place  with  a  steel  hose  clamp.  The  LVDT  slug 
and  calibrating  micrometer  barrel  were  firmly  fastened  to  the  upper  steel 
platen.  Except  possibly  for  load -induced  bending,  only  relatively  minor 
problems  were  encountered  with  the  measurement  of  axial  displacement. 

The  authors  were  aware  of  previous  attempts  (Ref  20)  to 
measure  the  dilatation  of  poker  chip  specimens  by  using  LVDTs  to  measure 
the  changes  in  the  radius.  However,  the  technique  was  insensitive  to  the 
small  radial  changes  and  consequently  could  not  detect  the  dilatation. 

However,  it  was  believed  that  the  circumference,  rather  than  the  radius, 
would  provide  more  significant  changes  in  dimensions ,  particularly  if 
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,  ur.T  WITH  CALIBRATION  micrometer  attached 

CKNESS-MEASURING  LVDT  WITH  CAL' bra  i  CHAMBER  FLOOR 


Figure  109. 


General  Interior 


View  of  the  Environmental  Chamber. 
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magnified.  As  a  result,  the  cir cumference  of  the  poker  chip  was  monitored 
in  all  of  the  creep  tests. 

The  circumferential  dimension  was  monitored  around  the 
edge  center  through  the  use  of  a  fine  quartz  fiber  as  shown  in  Figure  110. 

(In  later  tests,  36 -gauge  copper  thermocouple  wire,  insulated  with  Teflon, 
was  used.)  One  end  of  the  fiber  was  glued  to  a  small  ceramic  bead,  which 
in  turn  was  secured  to  the  surface  of  the  propellant  by  a  tiny  dot  of  epoxy 
adhesive  and  a  short  piece  of  36 -gauge  wire  strand  inserted  through  the 
bead  into  the  poker  chip.  The  fiber  was  wound  about  the  axial  center  and 
attached  to  a  lever  arm  (Figure  111),  which  served  not  only  to  change  the 
direction  of  motion  but  also  provided  a  mechanical  amplification  factor  of 
approximately  6  for  the  fiber  motion.  Suspended  from  the  tip  of  the  long 
arm  of  the  lever  was  another  quartz  fiber,  which,  after  passing  through 
the  environmental  chamber,  was  bonded  to  a  slug  positioned  in  the  LVDT 
below.  The  quartz  fiber  and  the  LVDT  slug  were  so  light  that  a  small  addi¬ 
tional  weight  had  to  be  added  to  the  lever  arm  system  to  keep  the  circum¬ 
ferential  fiber  cinched  against  the  surface  of  the  propellant.  The  natural 
resilience  of  the  quartz  caused  the  circumferential  fiber  to  spring  away  from 
the  propellant  surface  when  the  lever  arm  load  was  relaxed.  This  prevented 
the  fiber  from  sinking  (or  being  driven)  into  the  propellant  surface  by  sus¬ 
tained  loading.  The  fiber  was  kept  at  the  vertical  center  of  the  circum¬ 
ference  by  placing  horseshoe -shaped  strands  of  36-gauge  wire  over  the  fiber, 
sufficiently  far  into  the  poker  chip  to  prevent  vertical  motion  while  allowing 
unhindered  circumferential  motion. 

As  shown  in  Figure  112,  both  LVDT  barrels  were  mounted 
on  l/lO, 000-inch  micrometers.  In-situ  calibration  and  direct  measurements 
were  possible  at  all  times.  During  one  series  of  tests  the  recorders  were 
used  only  as  null  indicators  and  the  readings  were  taken  directly  from  the 
micrometers.  The  usual  procedure  was  to  (1)  balance  the  signal  conditioning 
and  recorder  equipment,  (2)  locate  and  record  each  LVDT  null  position,  (3) 
dial  known  displacements  with  the  micrometers  for  calibration  of  the  recorder 
traces,  and  (4)  load  the  poker  chip  and  observe  the  dual  traces  of  thickness 
and  change  in  cir  cumference.  Typical  data  traces  are  shown  in  Figure  113. 

A  hydraulic  jack  was  used  to  control  the  tension  loading 
rate.  Calibrated  weights  were  supported  by  a  load  pan,  which  in  turn  was 
supported  by  the  jack.  The  loading  usually  occurred  (zero  to  full  load)  in  ~ 
<0.5  second.  The  specimen  was  allowed  to  creep  for  approximately  180 
seconds,  at  which  time  the  load  was  quickly  removed,  and  the  specimen  was 
allowed  to  recover  for  at  least  360  seconds. 

Figure  114  shows  the  poker  chip  specimen  that  was  thermo- 
coupled  with  two  gages  imbedded  in  the  propellant  (one  at  center,  one  at  half 
the  radius)  and  one  on  the  platen  surface.  Such  a  dummy  unit  provided  a 
temperature -time  history  for  another  nearby  poker  chip  under  test. 
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Figure  11. 


Poker  Chip  Rigged  for  Tension  Testing,  Showing  the 
Mounting  of  the  Lever  Arm  and  the  Quartz  Fiber 
Encircling  the  Propellant. 
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1.  THICKNESS  MICROMETER  ADJUSTMENT  ROD 

2.  INSTRON  ENVIRONMENTAL  CHAMBER 

3.  POKER  CHIP  WITH  THICKNESS-MEASURING  LVDT  AND  ATTACHED  MICROMETER 

4.  POKER  CHIP  WITH  IMBEDDED  THERMOCOUPLES  FOR  TIME-TO-TEMPERATURE  MEASUREMENTS 

5.  CHAMBER  CONTROL  THERMOMETER 

6.  CIRCUMFERENCE-MEASURING  LVDT  AND  ATTACHED  MICROMETER 

7.  CARRIER  AMPLIFIER  SIGNAL  CONDITIONING  UNITS  FOR  THE  LVDT » 

8.  DUAL  CHANNEL  RECORDERS 

9.  LOADING  ASSEMBLY  (LOAD  CELL  IS  AT  TOP  OF  ENVIRONMENTAL  CHAMBER) 

10.  INSTRON  CABINET  CONTROLLER 

11.  HYDRAULIC  PUMP  AND  FLUID  RESERVOIR 


Figure  112.  Poker  Chip  Tension  Testing  Apparatus. 
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Figure  114.  Poker  Chip  Specimen  with  Thermocouples 

Both  Imbedded  In  the  Propellant  and  Mounted 
on  the  Surface. 


The  measurement  schemes  developed  for  the  tension  tests 
were  applied  equally  as  well  to  the  compression  tests.  Bending  was  pre¬ 
vented  by  universal  joints  and  precise  load  alignment  in  the  tension  tests. 
However,  because  universal  joints  are  useless  in  compression,  for  the 
compression  tests  a  load  cage  incorporating  a  point-loading  scheme  was 
fabricated.  The  specimen  was  precisely  leveled  on  its  support  and  the 
load  was  transmitted  through  a  ball-bearing  center  in  the  top  platen  of  the 
poker  chip.  The  data  traces  for  the  compression  tests  are  essentially  like 
those  in  Figure  113.  The  compression  cage  would  not  fit  within  the  Instron 
temperature  chamber,  and  the  compression  tests  therefore  were  conducted 
in  the  walk-in  temperature  chambers  available  at  the  McNew  Materials 
Laboratory. 


The  compression  testing  sequence  for  each  sample  started 
first  with  the  higher  temperature,  either  140  or  150°F,  Initial  checkout  pro¬ 
cedures  were  conducted  with  the  weight  of  the  loading  pan,  22  pounds,  used 
to  calibrate  and  set  up  the  readout  equipment.  After  the  initial  setup,  several 
tests  were  conducted  with  the  122 -pound  load  (usually  about  4  or  5  tests). 

The  222-pound  tests  were  then  run  next  for  a  similar  series,  and  then  the 
next  lower  temperature  tests  were  run  in  a  similar  fashion,  i.  e.  ,  low  load 
first,  then  high  load. 
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The  question  of  bending  was  checked  out.  Several  inde¬ 
pendent  tests  were  connected  with  two  LVDTs  mounted  180-degrees  apart. 
Loads  were  applied  to  the  sample  and  the  axial  strains  on  opposite  sides 
were  recorded.  After  several  load  cycles,  the  two  LVDTs  were  rotated 
to  a  position  90  degrees  from  the  first  series  of  tests  and  the  load  cycles 
were  repeated.  The  strain  variation  around  the  circumference  was  found 
to  be  insignificant  for  the  purposes  of  the  test. 

In  addition  to  the  creep-recovery  tests,  the  effect  of  multi- 
axial  stress  on  thermal  expansion  was  investigated  through  the  use  of  con¬ 
strained  poker  chip  specimens.  An  additional  loading  fixture  was  devised 
for  use  with  poker  chip  specimens  in  the  determination  of  the  influence  of  a 
small,  superposed,  triaxial  compressive  stress  state  on  thermal  dilatation. 
Although  tiie  effect  of  superposed  tension  could  be  determined  in  a  similar 
manner,  it  was  not  studied  in  the  program.  The  device,  shown  in  Figure  115, 
consists  of  a  load  cage  in  which  a  poker -chip  specimen  is  securoly  bolted  by 
its  lower  platen.  A  compression  screw  is  bolted  to  the  loading  fixture  above 
the  specimen.  The  compression  screw  can  be  tightened  by  hand  so  that  the 
load  is  applied  through  the  axial  center  of  the  specimen,  thus  eliminating 
bending.  Three  short  pieces  of  steel  sheet  stock  were  strain-gaged  on  both 
sides  and  each  was  connected  in  a  half-bridge  (Wheatstone)  configuration  so 
as  to  give  maximum  sensitivity  in  bending.  The  three  clips  were  calibrated 
with  a  micrometer  and  then  mounted  at  120-degree  intervals  around  the 
poker  chip  to  measure  the  axially  induced  strain.  A  constant  strain  was 
held  by  making  relatively  minor  adjustments  to  the  main  compression  screw 
once  steady-state  temperature  was  reached.  As  in  the  creep  tests  discussed 
previously,  the  circumferential  changes  were  monitored  using  the  quartz 
fiber/LVDT  test  configuration. 

By  holding  the  platens  fixed  and  cooling  or  heating  the 
specimen,  the  free  surface  will  neck-in.  Measurements  of  the  resulting 
changes  in  circumference,  together  with  Equation  (172)  [see  subsection  VI,  3, 
c,  (4)J,  were  then  used  to  calculate  a. 

(3)  Strip  Biaxial  Tests 

Strip  biaxial  tests  were  conducted  to  determine  the  tension 
relaxation  moduli  over  the  same  temperature  range  as  the  poker  chip  speci¬ 
mens.  During  these  tests  the  dilatation  was  to  be  measured  and  compared 
with  the  dilatation  measurements  found  in  the  poker  chip  tests.  Stress 
relaxation  tests  were  planned  for  nominal  strain  levels  of  2.5  and  12.5  percent. 

After  a  review  of  both  the  contact  and  noncontact  methods 
of  displacement  measurement,  such  as  described  in  subsection  VI,  3,  a,  it 
was  felt  that  the  available  environmental  chambers  and  Instron  testing 
machines  would  hamper  the  use  cf  such  optical  devices  as  the  Physitech  and 
Martin  Tracker  extensiometer.  The  possibility  of  using  the  capacitor  plates 
as  thickness  measuring  devices  was  explored  further.  As  indicated  pre¬ 
viously,  the  plates  were  attached  in  such  a  manner  that  the  propellant  acted 
as  a  dielectric  whose  thickness  changed  as  the  stresses  were  applied.  This 
measuring  principle  works  well,  but  relatively  high  voltages  (approximately 
50  v)  used  to  power  the  device  made  the  plates  a  bit  dangerous. 
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1.  MAIN  COMPRESSION  SCREW 

2.  LVDT  AND  CALIBRATION  MICROMETER 

3.  ONE  OF  THE  THICKNESS  STRAIN  CUP  GAGES 


Figure  115.  Carrier  Amplifier/Recorder  System  with  the  Poker  Chip 
Fixture  Used  To  Maintain  a  Fixed  Strain  During  Thermal 
Cycling. 
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A  biaxial  dilatometer  was  then  obtained  from  Hill  Air 
Force  Base  on  a  loan  basis.  The  unit  as  received  was  in  an  unworkable  con¬ 
dition  as  originally  manufactured  by  the  CETEC  Corporation.  The  unit  was 
completely  disassembled,  and  after  extensive  modifications,  was  put  in 
working  condition.  The  dilatometer,  shown  in  Figure  116,  was  designed  to 
measure  dilatation  by  two  methods.  The  first  method  relied  on  direct  LVDT 
measurement  of  decreases  in  cross-sectional  thickness.  The  other  method 
was  based  on  state-of-the-art  gas  dilatometric  techniques  such  as  those 
employed  by  Farris  (Ref  19)>  The  LVDT  system  consists  of  spring-loaded 
probes  that  ride  on  the  surface  of  the  specimen's  sides.  Unfortunately,  the 
probes  were  not  only  insensitive  to  the  small  thickness  changes  but  also 
damaged  the  surface  at  the  point  of  contact.  As  a  result,  the  LVDT  probes 
were  removed  entirely.  Once  the  leaks  around  the  lower  shaft,  main  door, 
and  calibration  micrometer  were  sealed,  the  unit  was  completely  functional. 
The  unit  was  calibrated  before  each  test  by  inserting  a  precision  micrometer 
shaft  into  the  test  chamber  to  simulate  a  volume  change  of  0.07  07  in.3  (for 
the  samples  this  corresponds  to  a  volume  change  of  about  1.6  percent).  It 
vas  possible  to  resolve  volume  changes  of  the  ordcj.  f  0.1  to  0.2  percent 
over  a  relatively  long  period,  provided  the  temperature  remained  stable. 

The  biaxial  strip  specimens  furnished  by  Rocketdyne  were 
the  standard  14 -inch  length,  which  was  much  too  long  for  the  biaxial  dilato¬ 
meter.  Several  strip  biaxial  specimens  were  subsequently  cut  with  the 
dimensions  7.0  by  1.625  by  0.375  inches.  These  samples  were  then  cleaned 
and  prepared  for  bonding  following  the  procedures  given  in  References  2  1 
and  2  2.  The  samples  were  then  bonded  to  aluminum  plates  and  cured  for 
2  hours  at  150°F.  Care  was  taken  to  create  a  fillet  along  the  edges  in  order 
to  provide  for  good  gripping  and  a  gradual  load  transfer  from  the  grips. 
Figure  117  shows  a  typical  strip  biaxial  specimen  bonded  and  ready  for 
testing. 


In  Figure  118  the  biaxial  sheet  is  loaded  onto  a  transfer 
fixture,  which  is  used  both  to  protect  the  specimen  from  flexure  and  to 
ensure  correct  sample  alignment  and  zero  strain  on  the  specimen.  Upon 
removal  of  the  specimen,  when  preset  strains  are  to  be  maintained,  this 
fixture  is  also  used.  The  transfer  fixture  is  then  pressed  against  the 
dilatometer  to  engage  guide  pins  (shown  in  Figure  119)  with  holes  in  the 
dilatometer.  Figure  119  shows  the  sample  as  it  is  freely  moved  along  the 
fixture  rails  until  it  is  loaded  and  ready  for  testing.  The  dilatometer  is  then 
sealed  and  made  ready  for  testing  (Figures  120a  and  120b)  at  pressures 
ranging  from  ambient  to  1000  psi;  however,  only  ambient  pressure  tests 
were  conducted  in  this  program. 

(4)  Photoconductive  Copying  Technique 

As  noted  previously,  various  techniques  are  available  for 
the  accurate  measurement  of  small  displacements.  Basically,  they  are 
based  on  the  use  of  either  photosensing  (visual)  or  electric -sensing  charac¬ 
teristics  of  such  deformation.  With  some  of  these  techniques,  it  is  theore¬ 
tically  possible  to  detect  several  Angstroms  of  deformation  of  the  specimen, 

(e.  g.  ,  electric  resistance,  semi-conductor  strain  gages).  Despite  such  high 
sensitivity,  current  devices  employing  such  techniques  have  certain  drawbacks. 
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First,  they  require  physical  contact  between  the  detector  and  the  specimen 
surface.  Such  physical  contact  may  introduce  several  undue  effects.  For 
instance,  if  the  specimen  material  is  mechanically  softer  than  the  detector 
material,  the  deformation  of  the  specimen  may  not  be  detectable  accurately. 

It  is  also  quite  possible  to  modify  the  mechanical  characteristics  of  the  speci¬ 
men  material  by  such  physical  contact.  Second,  the  finiteness  of  the  detector 
size  makes  the  point  measurement  impossible.  More  or  less,  the  presently 
available  techniques  have  similar  drawbacks. 

In  an  effort  to  resolve  these  problems,  a  technique  entitled 
the  "Photo conductive  Copying  Technique  for  Obtaining  the  Optical  or  Elec¬ 
tronic  Image  of  the  Specimen"  was  investigated.  This  technique  employs  the 
copying  process  of  typical  electrostatic  copying  machines.  The  result  is  the 
optical  image  of  the  specimen,  which  can  be  read  with  the  high-resolution 
microscope  or  recorded  by  scanning  with  an  electrometer.  This  technique 
offers  the  following  advantages: 

(1)  Noncontact  measurement 

(2)  Measurement  of  point  deformation  as  well  as  of  the  entire 
(shadow  or  edge)  deformation  of  the  specimen 

(3)  Experimental  results  capable  of  being  copied  as  well  as 
recorded 

(4)  Relatively  high  sensitivity  (10"4  cm)  and  high  accuracy 

(5)  Potential  for  automation  of  the  entire  process 

(6)  Low  cost 


Research  progress.  After  the  decision  was  made  to 
examine  the  feasibility  of  the  technique,  basic  apparatus  and  materials  were 
obtained.  The  basic  devices  and  materials  for  the  study  were  (1)  Corona 
charging  device  (high  voltage  source  of  about  10,000  volts),  (2)  illumination 
(or  exposure)  device,  (3)  toners  (for  creating  a  visual  image),  and  (4) 
photoconductive  materials. 

The  optical  image  of  the  sample  can  be  formed  by  two 
exposure  methods:  "shadow  exposure"  and  "reflection  exposure".  The 
present  study  started  with  the  shadow  exposure  method,  because  it  required 
fewer  optical  systems  than  the  other  and  also  gave  general  information  on 
the  applicability  of  the  proposed  technique.  As  a  photoconductive  material, 
zinc  oxide -coated  paper  was  employed. 

With  the  shadow  exposure  method,  the  following  factors 
have  been  tested  and  analyzed: 

(1)  Desired  type  of  toners 

(2)  Resolution  limit 
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(3)  Desired  optical  system  and  condition  for  the  optimum 
resolution  of  the  sample  image 

(4)  Practical  problems  associated  with  the  actual  Instron- 
mounted  system 

Experimental  results  indicated  that  the  commercially 
available  liquid  toner  was  adequate,  despite  its  coarse  grain  size,  for  the 
desired  high-resolution  image  formation  and  was  preferable  to  the  dry  toner 
(powdered  graphite).  Theoretical  resolution  limit  of  the  optical  image  (as 
limited  by  grain  size)  is  approximately  10"4  cm  with  visible  light,  but  can 
be  improved  up  to  10"5  cm  with  ultraviolet  light.  Experimental  resolution 
limit  was  tested  with  the  reference  scale  of  range  10'2  cm  to  10-3  cm.  The 
test  result  showed  that  the  resolution  of  10~3  cm  and  10“4  cm  can  be  accom¬ 
plished  even  under  poor  conditions  if  the  original  reference  scales  have  high 
contrast. 


To  find  the  desired  optical  system  condition  for  the  opti¬ 
mum  result,  the  actual  dimensions  of  the  Instron  temperature  control  box 
were  measured  and  two  types  of  shadow  exposures  were  tested,  depending 
upon  whether  the  light  source  was  placed  inside  or  outside  the  window  of  the 
box  (inside  exposure  and  outside  exposure).  For  each  exposure,  various 
optical  devices  and  problems  were  studied  in  detail.  The  workable  condition 
for  the  desired  resolution  was  established  for  the  outside  and  inside  expo¬ 
sures  separately  and  the  results  have  been  categorized  for  future  work.  In 
brief,  the  shadow  exposure  method  is  quite  feasible  for  the  desired  results, 
provided  the  suggested  optical  system  is  used  and  the  working  condition  is 
met. 


The  final  phase  of  investigation  was  associated  with  auto¬ 
mation  of  the  proposed  technique.  The  following  problems  of  the  automated 
system  were  researched  in  some  detail; 

(1)  Advantages  of  the  automated  system 

(2)  Desired  photoconductor 

(3)  Proposed  system  (functional  diagram  and  its  performance) 

(4)  Design  consideration  and  desired  apparatus 
No  experiment  was  made  on  this  aspect  of  the  problem. 

From  the  foregoing  study  the  useful  nature  of  the  proposed 
technique  has  been  demonstrated  and  basic  data  have  been  obtained.  How¬ 
ever,  there  are  still  problems  to  be  solved  in  the  actual  use  of  the  technique. 
These  may  be  divided  into  the  two  areas  discussed  below. 

Hand-operated  system.  This  system  will  serve  the  imme¬ 
diate  need  of  the  researcher,  and  most  of  the  necessary  equipment  exists  in 
commercially  available  forms.  For  the  actual  use  of  this  system,  however, 
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the  practical  problems  of  proper  paper  exposure  inside  the  environmental 
chamber  (usually  with  a  fogged  window)  must  be  solved.  For  the  inside 
exposure  method  (columnated  beam),  a  few  more  experiments  are  required 
to  obtain  the  desired  sharp  images.  For  the  outside  exposure  method, 
mirrors  may  be  needed  to  direct  the  columnated  beam(s)  so  as  to  obtain 
a  sharp  and  (if  desired)  undistorted  image. 

Automated  system.  Selenium  plates  were  obtained  from 
the  Xerox  Corporation  for  use  in  a  series  of  experiments  on  automating  the 
image  identification.  In  this  system  the  photoconductive  selenium  is  given 
an  electrostatic  charge  just  as  with  the  zinc  oxide-coated  paper.  The  speci¬ 
men  image  is  cast  upon  the  plate  as  before  and  the  shadow  area  remains 
charged.  Instead  of  developing  the  image  for  visual  measurement,  a  charge  - 
sensing  probe  is  used.  By  using  such  a  device  as  a  Keithley  electrometer 
with  a  miniature  sensor  head,  and  by  using  the  points  of  intersection  of  slopes 
of  the  resulting  trace,  results  to  date  show  resolutions  of  at  least  10-6  inch. 
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Ultimate  resolution  may  be  better,  inasmuch  as  the  calibration  procedure 
allowed  the  head  to  be  positioned  only  to  the  nearest  1  x  10"6  inch.  These 
measurements  were  made  by  producing  contact  prints  of  diffraction  gratings. 
A  conceptual  device  consists  of  a  disc  of  selenium  on  which  a  deformation 
sequence  would  be  stored  much  as  images  are  stored  on  a  stereo  View  Master 
disc.  Following  the  test  sequence,  the  disc  would  be  rotated  at  high  speed 
as  the  sensor  head  moves  radially  across  the  record.  This  would  allow 
electrical  reconstruction,  at  any  desired  magnification,  of  the  specimen 
image.  Feeding  the  electrometer  data  into  a  digital  processor  could  yield 
all  necessary  conversions  into  displacement,  volume,  etc. 
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c.  Experimental  Data  and  Comparison  with  Analysis 
(1)  Uniaxial  Thermal  Expansion  Coefficient 

The  uniaxial  linear  expansion  coefficient  was  measured 
over  a  temperature  range  from  135  to  -65°F  by  first  heating  the  sample  to 
135°F  and  subsequently  cooling  it  to  a  lower  temperature.  The  thermal 
expansion  data  are  shown  in  Figure  121.  Table  XX  summarizes  all  of  the 
previously  known  data  on  the  linear  thermal  expansion  coefficient  for  this 
propellant: 

TABLE  XX 


LINEAR  THERMAL  EXPANSION  COEFFICIENT 


Temperature  Range  (°F) 

a  x  10s 

Method 

200  to  25 

6.54 

Quartz  dilatometer  (Ref  1) 

25  to  -80 

5.67 

Quartz  dilatometer  (Ref  1) 

75  to  -75 

5.27 

Dupont  TMA  (Ref  2  3) 

The  data  in  Figure  121  are  in  good  agreement  for  the  lower 
temperature  range  (70  to  -6  5°F)  but  depart  considerably  at  the  higher  tem¬ 
peratures.  In  view  of  the  fact  that  the  thermal  properties  of  both  the  ammo¬ 
nium  perchlorate  and  aluminum  are  relatively  constant  over  the  range  of 
interest,  the  behavior  must  be  attributed  either  to  changes  in  the  binder 
thermal  expansion  coefficient  or  in  the  viscoelastic  behavior  of  the  overall 
material.  Normally  an  increase  in  a  occurs  with  increasing  temperature, 
or  at  most  a  relatively  constant  slope  over  the  higher  temperature  range. 
However,  what  is  seen  in  Figure  121  can  be  partially  attributed  to  the  visco¬ 
elastic  behavior  of  the  propellant  in  the  manner  described  below. 


As  described  earlier,  the  sample  measured  approximately 
Vi  inch  on  a  side  by  2.485  inches  in  length.  The  sample  was  suspended  from 
the  top  of  the  environmental  chamber  by  a  small  quartz  fiber,  and  as  a 
result  had  a  linearly  varying  tensile  stress  imposed  by  gravity-loading.  The 
length-averaged  stress  due  to  propellant  weight,  cr,  is  given  as 

VL 
_ o 

ffp  "  2 

where 

V  =  density  of  propellant  (0,063  lb/in,3) 

Lq  =  sample  length  at  room  temperature  (2.485  inches) 


(147) 
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This  stress  is  found  to  be  about  0.079  psi.  In  addition  to  the  above  stress, 
the  stress  due  to  the  LVDT  slug,  crs,is  superimposed.  The  weight  of  the 
slug  is  about  200  milligrams.  This  corresponds  to  a  stress,  crs,  of  about 
0.02  psi. 

Thus,  the  total  length-averaged  stress,  erg,  on  the  speci¬ 
men  at  all  times  would  be  about  0.10  psi.  The  overall  axial  strain  due  to 
gravity,  «g,  can  be  calculated  directly  from  Equation  (147): 


( 

g 


D 


crp 


crdx  =  D  <r„ 
crp  S 


(148) 


Starting  from  room  temperature,  the  sample  was  heated  to 
about  135°F  and  allowed  to  come  to  thermal  equilibrium.  At  the  highter 
temperature  the  amount  of  creep  strain  became  relatively  significant  and 
could  not  be  neglected,  as  will  be  shown.  The  micrometer  was  zeroed  at 
this  temperature  and  then  the  oven  was  allowed  to  decrease  in  temperature 
to  the  next  lower  temperature.  The  cooling  rate  for  the  Instron  oven  within 
the  range  of  150  to  7CrF  is  very  slow  because  the  chamber  is  well  insulated. 
The  net  result  is  a  decrease  in  sample  length  due  to  thermal  expansion, 

<*AT,  and  an  increase  in  creep  strain,  ADcrp  g,  where  ADcrp  is  the  change 
in  creep  compliance  between  successive  readings.  At  the  hign  temperature, 
therefore,  the  creep  strain  may  be  significant  in  terms  of  the  thermal 
strains. 


As  an  example,  consider  the  case  where  the  bar  is  cooled 
from  temperature  Tj  to  T The  measured  thermal  strain,  am];>AT,  is  the 
sum  of  the  thermal  strain  in  the  absence  of  creep,  a  AT,  and  ^  the  creep 
strain  itself,  «  12  =  ^^crp°g’ 


a  AT 
m  1 2 


a  A  T  +  € 


12 


(149a) 


or 


m 


12 


a  + 


*12 

AT 


For  cooling,  AT  <  0,  and  Equation  (149b)  can  be  rewritten  as 


(149b) 


m 


=  a  - 


12 


12 
I  AT) 


(149c) 


This  shows  that  the  measured  thermal  expansion  coefficient,  ‘rn^*  be 

lower  than  the  exact  coefficient  because  of  the  creep  strain.  Consider 

the  next  measurement,  taken  after  cooling  the  specimen  to  temperature  T^. 


a 


rn23 


a 


f  23 
‘  jATj 


-238- 


LOOKHIID  PROPULSION  COMPANY 


AFRPL-TR-72-29 


The  creep  strain  <23  will  now  be  less  than  <12  because  the  propellant  creep 
rate  is  reduced  by  lowering  the  temperature;  i.  e.  ,  <23  <  *12>  and  hence 
am2i>  ttm12‘  rneasure<*  thermal  expansion  approches  the  exact 

coefficient  as  the  temperature  decreases. 

The  magnitude  of  <12  can  be  estimated  from  a  knowledge 
of  creep  compliance,  Dcrp,  at  135°F.  For  the  imposed  stress  of  0.10  psi 

r  _  2  1  _  1 

and  a  measured  creep  compliance  of  10  *  (psi  ),  the  resulting  strain,  t  , 

is  0.00079  at  135°F,  In  these  tests  the  temperature  was  dropped  20°F  after 
about  3  to  4  hours,  resulting  in  a  total  creep  strain  of  0.00094.  The  differ¬ 
ence  in  strain,  <12,  is  then  equal  to  0.00015.  If  it  is  assumed  that  a  = 

-  5 

5.67  (10  ),  from  the  values  obtained  at  lower  temperatures,  then  Equation 

_  5 

(149c)  yields  the  value  of  4.92  (10  )  for  amj2*  Although  this  estimate  does 

not  explain  the  high-temperature  value,  4.05  (10  ^),  it  does  show  that  the 
creep  is  at  ’.east  a  factor.  Voids  are  another  factor,  which  is  discussed 
below. 


The  thermal  coefficient  decreases  at  the  lower  temperatures 
as  the  polymer  approaches  the  glass  transition  temperature  of  -110°F.  Below 
about  70°F,  the  thermal  expansion  coefficient  becomes  relatively  constant  and 
the  effect  of  tensile  creep  is  apparently  insignificant  over  the  time  span  of  the 
experiment. 


The  thermal  expansion  coefficient  can  be  studied  further 
with  the  rule-of-mixtures  prediction  for  a  three-phase  composite  system. 
All  that  is  needed  is  the  volume  fraction  of  each  phase,  v^,  and  the  thermal 
expansion  coefficient  of  the  individual  phases,  a  [,  as  discussed  earlier  in 
subsection  VI,  2,  e.  The  volume  fractions  for  this  propellant  (Ref  2  3)  are; 


VAP 

=  0.625 

VAL 

=  0.110 

(150) 

VB 

=  0.265 

Typical  values  for  the 

thermal  expansion  coefficients  are: 

*AP 

=  0.1  (10‘5)/°F 

aAL 

=  1.3  (10'5)/°F 

(151) 

»B  =  8.0  (10"5)°F  to  20.0  (10"5)/°F 

.5 

For  polybutadiene  rubber,  aj  is  taken  as  12.0  (10  )°F  (Ref  24). 
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The  rule-of-mixtures  gives  the  thermal  expansion 
coefficient  of  the  composite,  <x  ,  as  the  following. 


a 


VAP°AP  +  VAL°AL  +  VB*B 
3.39  (10"5)/aF 


(152) 


which,  as  noted  in  subsection  VI,  2,  e,  is  an  upper  limit  for  the  composite, 
provided  the  propellant  is  void-free. 


The  other  extreme  would  be  the  case  where  the  binder  has 
completely  dewetted  from  the  ammonium  perchlorate  particles  and  the  sys¬ 
tem  behaves  as  if  there  were  only  two  phases,  aluminum  and  binder.  In  this 
case  the  volume  fractions  of  the  phases,  exclusive  of  ammonium  perchlorate, 
become, 


VAL 


0.293 


Vg  =  0.707 


(153) 


and  it  is  found  [(see  Equation  (144)]  that: 

a  =  8.87  (10'5)°F  (154) 

The  measured  value  of  a  =  5.67  (10  )°F  is  bracketed  by 

these  theoretical  values,  which  implies  that  (1)  the  sample  has  voids  and/or 

(2)  the  assumed  value  of  ffg  =  12.0  (10  ^)/°F  is  low.  That  the  second 
reason  cannot  entirely  account  for  the  difference  between  theory  and  experi¬ 
ment  follows  from  the  fact  that  an  unrealistically  high  value  of  ag  =  20.6 

(10  )/°F  would  be  needed  to  predict  the  measured  value  for  the  propellant 

without  voids. 


Let  us  return  now  to  the  earlier  discussion  on  the  low 
value  for  o  shown  in  Figure  121  at  elevated  temperatures.  If  the  void 
volume  reduces  appreciably  with  increasing  temperature,  the  behavior 
shown  in  Figure  121  would  be  expected,  in  that  the  specimen's  a  would 
approach  the  rule-of- mixtures  prediction,  Equation  (152).  One  possible 
explanation  for  this  reduction  in  void  volume  is  that  at  high  temperatures  the 
binder  expands  and  flows  readily  to  fill  in  voids  between  particles  that  are  in 
contact  or  at  least  close  to  one  another. 

The  existence  of  appreciable  voild  content  in  the  unstressed 
or  lowly  stressed  propellant  is  further  confirmed  in  the  discussion  in  subsec¬ 
tion  VI,  3,  c,  (4)  on  the  poker-chip  specimen. 

(2)  Poker  Chip  Creep  Compliance 

The  axial  displacements  measured  during  both  the  creep 
and  recovery  portions  of  the  loading  history  on  poker  chip  specimens 
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subjected  to  tensile  and  compressive  strain?  states  were  used  to  compute 
the  apparent  compliance,  D^.  The  apparent  compliance  is  given  by 


D 

pc 


(155) 


where 

« ,p  is  the  axial  strain  due  to  axial  stress 

<r  =  P/A,  and  A  is  the  area  of  the  poker  chip 

The  creep  compliance  Dpc  is  shown  in  Figures  122  and  123  for  the  222- 
pound  loading  conditions. 

The  compliance  curves  were  shifted  horizontally  with 
respect  to  the  70°F  creep  compliance  and  displayed  in  terms  of  the  master 
curve  for  creep  compliance,  Dpc  (t/aj),  as  shown  in  Figures  124  and  125. 
The  time -temperature  shift  factors ,  a^,  which  were  obtained  after  the 
shifting,  are  shown  in  Figure  126.  These  shift  factors  are  in  fair  agreement 
with  experimental  data  measured  and  reported  earlier  by  LPC  (Ref  2). 

The  apparent  creep  compliance  Dpc,  which  is  based  on  the 
average  stress  over  the  bonded  surface,  can  be  used  to  determine  the  uni¬ 
axial  creep  compliance  Du  from  the  elastic  relationships  derived  in  Ref  2  5. 
For  an  assumed  mechanically  imcompressible  elastic  material 


Epc  _  i  ,  (156) 

E  ”  8 

u 

where 

=  apparent  uniaxial  modulus 

E  =  uniaxial  modulus 
u  — 

R  =  diameter/ thickness 

It  can  be  shown  that  Equation  (156)  is  extended  to  the 
present  problem  of  creep  of  an  incompressible  viscoelastic  poker  chip  by 
simply  writing  it  in  terms  of  creep  compliances;  namely 


(157) 
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igure  125.  Poker  Chip  Creep  Compliance  versus  Reduced  Time  for  Compression  Loading 
Conditions  and  Predicted  Uniaxial  Creep  Compliance. 
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Figure  126.  Time-Temperature  Shift  Factors,  aj,  for  all  Tests; 
Biaxial  and  Poker  Chip. 
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Using  the  dimensions  of  the  poker  chip  specimens,  one 
finds  that  R  =  12,  and  therefore  Du  =  19  DpC.  The  uniaxial  creep  compli¬ 
ances  predicted  by  Equation  (157)  are  shown  in  Figures  124  and  125.  Later, 
in  subsection  VI,  3,  c,  (4),  this  equation  will  be  corrected  for  compressi¬ 
bility  of  the  propellant  due  to  initial  voids. 

It  is  surprising  to  note  that  the  propellant  is  stiffest  at  the 
higher  load  level  in  tension,  but  appears  to  be  softest  at  the  higher  load  level 
in  compression.  This  phenomenon  was  consistent  in  all  of  the  measure¬ 
ments.  For  the  tensile  loa-ds,  the  response  was  not  particularly  unexpected 
because  the  low-load-level  tests  were  run  on  a  single  specimen  following 
previous  tests  at  222  pounds.  A  specimen  previously  loaded  to  222  pounds 
and  then  loaded  at  122  pounds  would  be  expected  to  exhibit  a  higher  creep 
compliance  (softer  material)  because  some  amount  of  internal  damage  has 
probably  occurred  in  terms  of  the  so-called  Mullin' s  effect. 

In  addition,  the  creep  compliance  was  observed  to  increase 
with  each  successive  loading  cycle  in  the  tension  tests.  During  the  first 
cycle  it  can  be  assumed  that  a  significant  amount  of  damage  occurs.  Upon 
reloading,  without  waiting  for  any  possible  rehealing,  the  amount  of  soften¬ 
ing  due  to  damage  is  not  nearly  as  much.  With  each  successive  loading  the 
accumulated  damage  appears  to  approach  a  constant  [  this  behavior  under 
cyclic  loading  is  analogous  to  that  for  fiber- reinforced  plastics  (Ref  26)]. 
Because  only  two  good  poker  chip  specimens  were  available,  it  was  necessary 
to  use  the  specimens  several  times  at  both  load  levels  and  therefore  this 
fatigue  phenomenon  could  not  be  fully  characterized, 

(3)  Poker  Chip  Recovery  Compliances 

In  addition  to  the  compliance  obtained  during  the  creep 
portion  of  the  loading,  the  poker  chip  was  unloaded  completely  at  time  tc, 
and  the  recovery  strains  were  recorded  for  a  period  approximately  twice  as 
long  as  the  loaded  period. 

For  linear  viscoelastic  materials,  the  recovery  compli¬ 
ance  Drec  (which  is  defined  as  the  ratio  of  recovery  strain  to  the  stress 
applied  during  creep),  is  obtained  by  adding  the  compliance  DpC(t),  which 
would  exist  upon  loading  to  a  stress  level  cr0  at  any  time  Equation  ( 1 1 6b)  , 
to  the  compliance  -DpC  (t  -  tc),  which  would  exist  if  a  stress  level  of  -<r0 
had  been  applied  at  time  t  =  tc.  The  resulting  recovery  compliance,  Drec 
is 

D  =  D  (t)  -  D  (t  -  t  )  (158) 

rec  pc  '  '  pc  '  d 

Figure  127  is  representative  of  the  creep- recovery  re¬ 
sponse  for  a  poker  chip  specimen  subjected  to  a  222-pound  tension  load.  The 
recovery  predictions  based  on  Equation  (158)  are  initially  high  for  both 
temperatures,  although  there  appears  to  be  a  crossover  for  the  1  50°F  test. 

The  propellant  recovers  considerably  faster  initially  than  linear  viscoelastic 
theory  predicts.  The  departure  from  the  predicted  recovery  curve  is 
attributed  to  nonlinearities,  rather  than  to  experimental  factors,  as  discussed 
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below.  The  compression  creep-recovery  response  is  very  similar  to  the 
tension  data  in  that  the  propellant  usually  recovers  faster  than  linear  theory 
predicts. 


As  an  aid  in  depicting  the  nonlinear  behavior,  the  log  of 
typical  compression  recovery  compliances  is  plotted  against  log  X.  in 
Figures  128  and  129,  where 

t  -  t 

X.  =  -r— ^  (159) 

c 

(Tension  data  follow  a  similar  pattern  and  therefore  are  not  shown. )  The 
solid  lines  in  these  figures  are  the  predictions  based  on  Equation  (158). 

Now,  for  a  nonlinear  viscoelastic  material  of  the  type 
characterized  in  Reference  27  and  whose  strain  during  the  creep  phase  is 
represented  by  the  power  law 

«  =  «  jtn  (160) 


where  may  be  a  function  of  stress  and  temperature  (but  not  time)  and  n 
may  be  a  function  of  temperature  (but  not  stress  and  time),  the  recovery 
compliance  is  [Ref  27,  Equation  (42)] 


D 


rec 


-  1 

^1  pcc 


D 


pcc  -> 


Dpcc  [(1  +  ‘  (161) 


where  D'  is  the  nonlinear  viscoelastic  recovery  compliance.  Also,  DpCC 
and  DpCcfeare  the  nonlinear  and  linear  creep  compliances,  respectively,  at 
time  tc,  and  and  a^  are,  in  general,  material  property  functions  of  stress 
and  temperature  (but  not  time);  gj  =  a^.  =  1  for  a  linear  viscoelastic  material 
Equation  (161)  predicts  that,  for  a  given  temperature,  the  log  of  nonlinear 
recovery  compliance  plotted  against  log  X.  may  be  superposed  on  the  linear 
prediction  through  a  horizontal  translation  (log  aff)  and  a  vertical  translation 

fg'1  D'  /D 
&1  pcc  pcc 


(log 


l  UVJj 
:]>• 


The  curves  for  70  and  140°F  in  Figure  128,  and  the  curves 
for  70°F  in  Figure  129,  require  significant  upward  vertical  shifts,  but  only 
small  horizontal  shifts,  in  order  to  superpose  them  on  the  linear  predictions; 
the  unusually  rapid  decrease  in  the  0°F  compliance  in  Figure  128  is  believed 
due  to  experimental  error. 


It  can  be  shown  from  the  theory  in  Reference  28  that  the 
required  upward  vertical  shift  implies  that  the  springs  (in  a  nonlinear  Kelvin 
model  representation)  are  stiffer  under  loads  of  122  and  222  pounds  than 
under  no  load.  Furthermore,  the  temperature-averaged  spring  stiffness  is 
greater  under  122  pounds  than  under  222  pounds.  These  observations  are 
completely  consistent  with  the  creep  compliances  in  Figure  125. 
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igure  128.  Poker  Chip  Recovery  Compliance  for  122-Pound  Compression  Load. 


igure  129.  Poker  Chip  Recovery  Compliance  for  222-Pound  Compression  Load. 
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The  physical  basis  for  this  surprising  behavior  is  not  at  all 
clear.  It  may  in  part  be  related  to  the  fact  that  the  largest  poker  chip  strains 
are  shear  strains  (which  result  from  the  relatively  large  displacements 
parallel  to  the  platens)  and  these  strains  are  largest  under  222  pounds.  How¬ 
ever,  the  argument  is  not  supported  by  the  tensile  data.  Clearly,  a  more 
extensive  program  (using  larger  and  smaller  loads  in  tension  and  compres¬ 
sion  and  several  specimens)  is  needed  to  definitely  confirm  the  type  of  non¬ 
linear  behavior  reported  here  and  to  aid  in  the  development  of  a  physical 
model  of  propellant  under  these  combined  shear  and  normal  stress  states. 

(4)  Poker  Chip  Dilatation 

Isothermal  volume  changes.  The  volume  of  the  poker  chip 
was  monitored  at  all  times  during  the  tests.  This  was  done  by  measuring 
the  axial  displacement  directly  with  an  LVDT  and  making  a  direct  correlation 
with  the  axial  strain  «  and  the  poker  chip  platen  separation.  In  order  to 
compute  the  change  in  volume,  it  was  necessary  to  measure  the  change  in 
circumference  during  creep.  The  technique  discussed  earlier  provided  a 
magnified  circumferential  displacement,  which  was  used  to  compute  the 
specimen  dilatation. 

The  dilatation  present  at  any  time  is  determined  from  a 
knowledge  of  V,  the  sample  volume  at  any  given  time,  and  V0,  the  initial 
volume  prior  to  the  application  of  any  load.  Under  a  tensile  load,  the  dis¬ 
placement  at  the  extreme  radius  assumes  a  parabolic  distribution  with 
respect  to  the  thickness  direction.  The  assumption  of  a  parabolic  displace¬ 
ment  is  considered  excellent  (Ref  25).  The  change  in  volume,  AV,  is 
therefore 


AV  =  V  -  V 

platen  parabola 


(162a) 


where 


platen 


parabola 


=  volume  displaced  by  moving  platen 

=  volume  swept  out  by  revolving  the  parabolic 
area  around  the  loading  axis 


where,  for  the  small  changes  in  poker  chip  diameter  that  exist, 


parabola 


it D  AD 

- \ - h 

3  o 


(162b) 


and 


platens 


ttD 

o  . 

— a —  h  e 

4  o 


(162c) 
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where 


Dq  =  initial  chip  diameter 


hQ  =  initial  poker  chip  thickness 

D  =  change  in  mid- plane  diameter 

<  =  axial  strain 


The  volumetric  responses  for  the  two  strep?  levels  and 
several  temperatures  are  shown  in  Figure  130  and  131.  The  dilatation  for 
this  propellant  is  approximately  linear  with  strain,  with  vsr0.65  t  for  both 
tension  and  compression  stress  spates  at  all  times  and  temperatures. 
Deviations  from  the  straight  line  appear  to  be  due  more  to  compaction  under 
repeated  loads.  The  existence  of  initial  voids  and  the  compaction  phenome¬ 
non  are  also  reported  elsewhere,  as  determined  in  pressurization  tests 
(Ref  29). 


Inasmuch  as  the  dilatation  response  is  approximately 
linear,  it  is  believed  the  linear  elastic  poker  chip  analysis  in  Reference  2  5, 
after  being  extended  to  viscoelas ti'.  behavior,  will  be  valid  for  the  load  range 
studied. 


Estimation  of  bulk  and  uniaxial  properties.  As  will  now  be 
shown,  bulk  compliance  (or  modulus)  and  uniaxial  compliance  (or  modulus) 
can  be  deduced  from  the  measured  values  of  dilatation  and  effective  poker 
chip  compliance.  The  accurate  quasi- elastic  method  of  viscoelastic  analysis 
(Ref  16)  will  be  used  to  extend  the  elasticity  theory.  Specifically,  elastic 
properties  will  be  directly  replaced  by  their  time-dependent  viscoelastic 
counterparts  after  the  elasticity  analysis  is  complete.  In  all  cases  it  will  be 
assumed  that  E/3K<<  1  (E/3K<  0.1,  say)  in  order  to  simplify  the  results; 
this  inequality  turns  out  to  be  satisfied  by  the  predicted  properties. 

From  Equation  (3.2.33)  in  Reference  25,  the  change  in  mid¬ 
plane  diameter  is  derived: 

AD  =  -  7  D  f  t 

4  o 

where 

2  Ix  (x) 

'  S  XI  (x) 

o  '  ' 


(163) 

(164) 

(165) 
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and 

R  =  initial  diameter/initial  thickness  of  poker  chip 

K  =  bulk  modulus 

E  =  modulus  in  uniaxial  tension 

u 


Also,  I0  and  Ij  are  modified  Bessel  functions  of  the  first  kind  with  argument 
Substitution  of  Equation  (163)  into  (162b),  and  then  the  result  into  Equa¬ 
tion  (162a),  yields  the  overall  dilatation: 

v  s  =  (1  .  f)  t  (166a) 

o 


and  dividing  through  by 


-  f 


( 166b) 


Also  of  interest  is  the  effective  modulus  of  the  poker  chip, 
which  is  obtained  from  Equation  (3.2.35)  in  Reference  25: 


(167) 


Observe  that  if  EpC  and  v/«  are  known,  Equations  (166b) 
and  (167)  can  be  used  to  derive  the  corresponding  values  of  K  and  Eu.  The 
method  of  solution  used  here  was  to  assume  several  values  of  Eu,/K,  to  cal¬ 
culate  the  resulting  values  of  v/ <  and  EpC/Eu,  and  then  to  plot  the  results 
against  EpC/Eu,  as  shown  in  Figure  132.  The  ordinate  EpC/K  was  calcu¬ 
lated  by  noting  that  EpC/K  =  (KpC/Eu)  (Eu/K).  Also  shown  in  the  figure  is 
the  ratio  of  maximum  shear  strain  (which  occurs  at  the  platen  near  the  poker 
chip's  periphery)  to  axial  strain,  which  was  calculated  by  means  of  Equation 
(3.2.28c)  in  Reference  25.  The  volume-averaged  value  of  shear  strain  is 
approximately  Ve  the  maximum  value,  and  therefore  of  the  same  order  of 
magnitude  as  t  for  the  range  indicated  in  Figure  132. 


According  to  the  quasi-elastic  method,  this  figure  can  be 
used  for  viscoelastic  materials  by  simply  interpreting  EpC/K  and  EpC/Eu 
as  ratios  of  inverse  creep  compliances.  Inasmuch  as  the  ratio  v/t  was 
found  kO  be  nearly  independent  of  temperature  and  Hme,  the  present  theory  im¬ 
plies  that  bulk  modulus  K  and  bulk  compliance  B  are  proportional  to  the  uni¬ 
axial  properties  Eu  and  Du,  respectively.  One  would  expect  that  this  direct 
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dependence  of  bulk  properties  on  uniaxial  (or  shear)  behavior  of  dilatation  is 
largely  a  result  of  void  compression  and  expansion. 


Tables  XXI  and  XXII  show  property  ratios  and  reciprocals 
of  predicted  values  of  B  and  Du  at  t/aj  =  10“ ^  sec.  and  t/aj  =  10^  sec.  for 
the  two  different  dilatation  slopes,  v/«  =  0.65  and  v/ c  =  0.50,  the  former 
value  corresponds  to  the  solid  line  in  Figures  130  and  131,  while  the  latter 
one  defines  an  approximate  lower  bound  to  the  data  in  these  figures.  The 
values  of  Dp£  in  the  tables  are  actually  averages  over  all  tension  and  com¬ 
pression  compliances  at  the  stated  reduced  times. 


The  predicted  bulk  moduli  (-B  )  are  far  below  the  range 

commonly  reported  for  propellant  under  moderate  and  high  pressures,  which 
is  approximately  500  to  1000  Ksi  (see,  for  example,  Reference  29). 
Furthermore,  the  theoretical  .lower  bound  on  bulk  modulus  Kl  in  Equation 
(142)  (which  applies  only  if  there  are  no  voids)  is  found  to  be  greater  than  500 
Ksi.  Both  of  these  findings  further  confirm  the  presence  of  a  significant 
amount  of  initial  voids. 


That  a  large  drop  in  bulk  modulus  can  result  from  even  a 
small  void  volume  will  be  demonstrated  for  an  idealized  model.  Specifically, 
consider  the  binder  to  be  a  homogeneous  material  having  a  uniform  distribu¬ 
tion  of  noninteracting  spherical  cavities,  and  subjected  to  an  external  pres¬ 
sure,  P0.  The  binder  material  itself  is  assumed  to  be  linear  and  mechanic¬ 
ally  incompressible;  binder  compressibility  can  be  shown  to  introduce  only  a 
small  error.  First,  deduce  the  relative  volume  change  AVj/Vp  of  a  sphere 
with  only  one  cavity  of  radius  ai  (the  sphere's  outer  radius  is  b): 


AV.  9  P 

l  o 


( 16  8a) 


where  E^  is  the  uniaxial  modulus  of  the  unfilled  binder.  Now,  assume  the 
cavity  is  very  small  (i.  e.  ,  bVa-?  >>  1).  Total  dilatation,  v,  of  a  binder 
having  N  voids  is  therefore 


v 


N 

L 

i=  1 


AV. 


o 


9Po 

4Ebb3 


i=  1 


9  P 


4Eb  VB 


(168b) 


where  vv  is  the  volume  fraction  of  voids  referred  to  total  (propellant)  volume. 
The  overall  (effective)  bulk  modulus  of  the  binder,  K,  ,  is 


Kb 


(169) 
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TABLE  XXI 

PREDICTED  PROPERTIES  FOR  DILATATION  SLOPE  v/i  =  0.65 


±  =  4.50;  =  5.63 


D'1  =  83 
pc 

=  18.4  ksi 

D'1  =  16  1 

pc 

=  3.56  ksi 


aT  = 

,n-2 

10  sec. 

,  given 

-1 

104  ksi; 

u 

2 

10  sec.  , 

given 

-1 

1  — 

20  ksi; 

O'1 

u 

TABLE  XXII 

PREDICTED  PROPERTIES  FOR  DILATATION  SLOPE  v/t  =  0.50 


D 


D  =  7,10;  B 

pc 


u 


=  12.5 


B"1  =  145  ksi;  D^1  =  11.7  ksi 


B"1  =  28  ksi;  D~  ^  =  2.25  ksi 


-259- 


UJOKHIBO  PSnMUtSION  COMPANY 


AFRPL-TR-72-29 


Now,  assume  that  the  effect  of  particle  reinforcement  on  the  uniaxial  and 
bulk  moduli  is  the  same  (namely,  E^/K^  —  E^/K)  and  solve  for  vv: 


.  E 
4  _ u 

9  K 


(170) 


Replacing  Eu/K  with  the  creep  compliance  ratio  B/Du,  and  then  referring 
to  Tables  XXI  and  XXII,  one  finds  by  using  the  mean  slope,  \>  /(.  =  3.65,  that 

=2.1  percent  (17  1a) 


and  by  using  the  approximate  lower  limit,  v/c  -  0.5,  that 

v  =  0.93  percent 

v  r 


(171b) 


These  void  contents  are  at  the  upper  limit  of  the  magnitudes  one  finds  for 
many  propellants  through  comparison  of  theoretical  and  measured  densities 
(Reference  30);  the  present  high  values  may  be  the  result  of  using  an  over¬ 
simplified  model. 


It  is  important  to  note  that  the  uniaxial  compliance  is  pre¬ 
dicted  in  the  two  preceding  tables.  This  property  will  not  necessarily  be  the 
same  as  found  from  uniaxial  and  biaxial  tension  tests,  unless  the  strains  are 
extremely  small  in  the  latter  tests.  For  example,  the  ratios  of  poker  chip 
values  to  those  reduced  from  the  3-percent  strip  biaxial  relaxation  modulus 
in  subsection  VI,  3,  c,  (5)  are  approximately  3.1  and  2.0  when  t  =  10"^  sec, 
where  y-  =  0.6  5  and  0.50,  respectively.  When  t  =  10“^  sec,  the  ratios  are 
6.3  and  4.0,  for  y  =  0.65  and  0.50,  respectively.  It  is  noteworthy  that  the 
theoretical  prediction  of  stresses  in  the  restrained  cooling  test  described  in 
Reference  2  is  approximately  one-fourth  of  the  experimentally  determined 
values.  Hence,  the  above  moduli  ratios  are  of  the  right  order  of  magnitude 
to  bring  the  theory  into  line  with  the  experimentally  determined  stresses. 


Observe  that  the  ratio  Du/DpC  in  the  foregoing  tables  is 
considerably  smaller  than  predicted  by  Equation  (157)  for  mechanically  in¬ 
compressible  media;  in  the  latter  case,  the  ratio  is  19:1.  Therefore,  the 
fact  that  the  uniaxial  compliances  deduced  from  tensile  poker  chip  tests 
bracket  the  one  deduced  from  strip  biaxial  tests,  which  is  shown  in  Figure 
124,  is  believed  to  be  fortuitous.  In  contrast,  Figure  3.7  in  Reference  25 
indicates  that  when  the  void  content  is  negligible,  the  modulus  prediction 
based  on  mechanical  incompressibility  is  quite  accurate  for  a  poker  chip 
with  a  diamete r-to-thicknes s  ratio  of  12:1. 


Estimation  of  the  linear  thermal  expansion  coefficient.  The 
linear  expansion  coefficient  has  been  deduced  from  measurements  of  the 
poker  chip  circumference  and  a  slightly  modified  form  of  Equation  (163).  It 
can  be  shown  that  by  making  the  substitution  t  ►  t  -  3aAT  in  Equation  (163), 
the  resulting  diameter  change  is  that  for  a  poker  chip  subjected  to  a  uniform 
temperature  change  AT  as  well  as  to  an  axial  strain  t.  Proof  of  this  state¬ 
ment  is  made  by  introducing  thermal  expansion  into  the  governing  equations 
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in  Reference  2  5,  and  then  comparing  the  result  with  the  original  isothermal 
equations.  If  the  platens  are  prevented  from  moving,  so  that  e=;0,  then  a 
is  given  by 


a 


4AD  - 
9  DQATf 


(172) 


It  should  be  noted  that  f  is  unity  only  when  the  material  is  mechanically 
incompressible.  When,  for  example,  the  mean  dilatation  line  V / e  =  0.65 
shown  in  Figure  130  or  131  is  used,  Equation  (166b)  yields 


f  =  1  -  7  =  0.35 


The  poker  chip  thermal  expansion  tests  discussed  earlier 
in  subsection  VI,  3,  b,  (2)  were  conducted  over  a  temperature  range  from  -5 
to  140°F  under  both  heating  and  cooling  conditions  and  under  compressive 
stress.  Circumferential  measurements  were  recorded  at  the  beginning  and 
the  end  of  each  test,  and  corrections  were  made  for  the  thermal  expansion  of 
those  parts  that  would  affect  the  reading  (circumferential  wire,  slug  wire, 
etc).  The  change  in  circumference  was  then  determined,  and  the  correspond¬ 
ing  diameter  change  was  used  in  Equation  (172)  to  calculate  the  expansion 
coefficient.  Table  XXIII  summarizes  the  values  obtained  for  a  under  the 
various  test  conditions.  The  relatively  low  values  shown  in  the  table  are 
believed  due  to  platen  motion.  Therefore,  the  experimental  techniques  must 
be  improved  before  this  test  can  be  used  to  establish  its  dependence  on  tri- 
axial  stress  (and  therefore  on  void  content). 

TABLE  XXIII 

POKER  CHIP  LINEAR  THERMAL  EXPANSION  COEFFICIENT 
Temperature  Range  (°F)  a  x  10^/°F  Stress  (psi) 


-  5  to  140 

3.06 

~  10 

73  to  -5 

4.02 

~  1 0 

75  to  140 

2.02 

~  5 

140  to  75 

2.62 

~  6 

(5)  Strip  Biaxial  Modulus 

and  Compliance 

The  strip  biaxial  specimens  were  strained  to  a  nominal 
level  of  3  percent  at  a  crosshead  rate  cf  0.2  in. /min.  The  stress  relaxation 
moduli  for  these  tests  are  shown  in  Figure  133  for  the  three  test  tempera¬ 
tures  used  in  the  earlier  poker  chip  tests.  Master  curves  for  the  stress 
relaxation  moduli  are  shown  in  Figure  134  for  both  the  aged  (current  test 
data)  and  the  unaged  (early  Lockheed  data  given  in  Reference  1)  propellant. 
The  data  distinctly  show  that  the  propellant  has  aged,  and  has  in  fact  hardened 
with  time. 


-261- 


LOOKHIIO  moniUHON  COMPANY 


igure  134.  Strip  Biaxial  Stress  Relaxation  Modulus  versus  Reduced  Time 


AFRPL-TR-72-29 


Dilatation  was  recorded  during  the  complete  test,  i.  e.  , 
during  both  the  ramp  loading  period  and  the  stress  relaxation  period,  for  at 
least  10  minutes.  At  both  70  and  150°F  no  measurable  dilatation  occurred 
at  the  3-percent  strain  level.  The  specimens  were  subsequently  strained  to 
about  10  to  12  percent  (above  which  strain  level  bond  separation  occurred) 
and  no  dilatation  was  detected.  The  dilatometer,  which  is  capable  of  resolv¬ 
ing  relative  volume  changes  on  the  order  of  0.1  to  0.2  percent,  was  calibrated 
both  with  and  without  a  sample  in  the  chamber,  as  well  as  with  the  loading 
shaft  in  motion  in  order  to  check  for  possible  leakage.  The  low  strain-level 
dilatation  measured  earlier  on  unaged  bars  (Ref  l)  possibly  reflects  a  lower 
adhesive  strength  between  ammonium  perchlorate  and  binder  than  exists  in 
aged  specimens. 


No  dilatation  measurements  were  made  at  0°F,  because  the 
dilatometer  developed  a  leak  around  the  pull- rod  shaft,  and  the  leak  could  not 
be  eliminated  without  extensive  and  timely  refabrication. 

It  is  of  interest  to  compare  the  uniaxial  creep  compliance 
predicted  from  strip  biaxial  data  with  that  predicted  from  poker  chip  data. 
Assuming  v  2*0.5  and  linear  viscosity,  one  finds  (see  Equation  (116c)  , 

D  a  (1  -  i1  2)~l  I  E'} 

u  '  ’  n  it  sb 

_  4  sin  nm  „  -  1 

3  n  it  sb 

Over  the  time  range  of  interest  for  the  strip  biaxial  tests,  the  slope  n  varied 
from  0.8  to  0.33.  As  a  result,  the  term  sin  m/nTr  could  not  be  neglected. 
Figure  124  compares  the  predicted  uniaxial  creep  compliances  taken  from  both 
the  poker  chip  and  strip  biaxial.  The  shape  of  Du  is  generally  in  good  agree¬ 
ment  with  previous  Lockheed  data;  the  difference  in  magnitudes  is  probably 
due  to  aging  effects. 

4.  CONCLUSIONS 

The  thermorheological  and  dilatational  behavior  of  STV  propellant 
has  been  investigated  both  theoretically  and  experimentally. 

It  has  been  shown  that,  through  a  physically  based  modification  of 
existing,  thermorheologically  s imple,  constitutive  equations,  greatly 
increased  stress  magnitudes  under  transient  lemperaturing  loadings  are 
predicted. 

A  method  of  predicting  large  or  small  thermal  strains  in  the  presence 
of  nonlinear  vacuole  dilatation  (e.  g.  ,  dewetting)  was  developed  and  then 
applied  to  circular  port  motors,  including  the  "steel- propellant"  STV  No.  2. 
The  previously  observed  nonlinear  dependence  of  bore  strain  on  temperature 
in  this  STV  is  predicted  by  this  model.  An  interesting  feature  of  the  developed 
theory  is  that  under  some  conditions  a  graph  of  bore  hoop  s'rain  versus  tem¬ 
perature  will  appear  as  if  a  discontinuity  in  the  thermal  expansion  coefficient 
existed.  In  reality,  however,  this  behavior  is  a  direct  consequence  of  the 
characteristic  shape  of  the  nonlinear  "vacuole"  dilatation  curve  of  the  solid 
propellant. 
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Experimental  investigations  were  concerned  not  only  with  conven¬ 
tional  methods  of  creep  and  relaxation  testing,  but  also  with  new  techniques 
for  measuring  mechanical  and  thermal  dilatation  under  biaxial  and  triaxial 
stress  states.  Poker  chip  dilatational  data  were  obtained  during  creep  tests 
by  simultaneously  measuring  the  circumference  of  the  poker  chip's  mid¬ 
plane  and  the  platen  separation.  The  method  was  capable  of  resolving  dila¬ 
tations  as  small  as  0.01  percent.  Strip  biaxial  tests  were  conducted  with  a 
biaxial  dilatometer  that  could  resolve  0.1-percent  levels.  No  dilatation  was 
detected  at  strains  below  10  percent  in  the  dilatometer. 

Very  precise  measurements  of  poker  chip  dilatation  produced  some 
of  the  most  significant  results  of  the  entire  program.  Specifically,  the 
following  were  found: 

(1)  The  ratio  of  dilatation  to  axial  strain  is  very  nearly 
independent  of  temperature,  stress  level,  and  creep 
time,  and  this  ratio  is  the  same  for  tension  and 
compres  s  ion 

(2)  The  STV  propellant  has  an  initial  void  content  indicated 
by  rough  ana'ysis  to  be  more  than  1  percent 

(2)  The  "low  stress"  bulk  modulus  in  tension  and  compression 
is  more  than  an  order  of  magnitude  smaller  than  the  theo¬ 
retical  value  for  voidless  propellant 

(4)  The  bulk  modulus  is  very  nearly  proportional  to  the  uni¬ 
axial  modulus,  and  is,  therefore,  a  strongly  viscoelastic 
function 

(5)  The  uniaxial  modulus  inferred  from  low- s  tres  s -level 
poker  chip  tests  was  found  to  be  two  to  six  times  (depend¬ 
ing  on  the  value  of  reduced  time)  the  modulus  obtained 
from  conventional  uniaxial  and  biaxial  tests  conducted  at 
strains  over  1  percent. 
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SECTION  VII 

STY  NO.  6  ANALYSIS  AND  TEST 


1.  DESCRIPTION  OF  STV  NO.  6 

STV  No.  6  was  the  last  STV  to  be  made  as  a  part  of  the  second- 
year  effort.  Details  of  the  geometry  and  ine  rumentation  are  shown  in 
Figure  135.  The  STV  contains  a  four- point  star  grain  port  so  as  to  be  more 
representative  of  a  real  motor  than  were  the  earlier  STVs.  The  grain  was 
cast  from  LPC-667,  an  inert  propellant  formulation  based  on  R-45  hydroxyl- 
terminated  polybutadiene  prepolymer.  The  inert  propellant  contains  82  wt% 
solids,  consisting  of  47  wt%  aluminum  and  35  wt%  ammonium  sulphate. 

To  avoid  analytical  complexity,  the  domed  head  end  of  the  motor 
case  was  cast  separately  and  was  coated  with  release  agent  during  casting  of  ^ 

the  grain  proper.  The  grain  therefore  has  flat,  unrestrained  ends  and  a 
constant  cross  section  and  may  be  analyzed  by  means  of  a  plane  strain 
strain  analysis,  at  the  mid-plane. 

Five  150-psi  diaphragm  normal  stress  sensors  are  used  in  this  STV 
with  an  additional  600-psi  gage  used  for  comparison  purposes.  The  normal 
stress  gages  are  arranged  in  two  axial  lines,  in  line  with  the  star  points 
(BB)  and  at  45  degrees  to  the  star  points  (AA). 

Three  shear  cubes,  A.l,  A. 2,  and  A. 3,  were  installed  in  the  STV 
when  it  was  first  made.  However,  shear  gage  A.l  was  broken  as  a  result  of 
an  excessive  shear  force  applied  during  mandrel  extraction.  Shear  gage  A.l 
was  a  sensitive  device  employing  unprotected  semiconductor  strain  gages 
with  a  corresponding  low  stress/strain  capability.  Shear  gages  A.  2  and  A.  3 
were  made  using  Kulite  "ruggedized"  semiconductor  strain  gages  (i.  e.  , 
semiconductor  elements  sandwiched  between  epoxy-impregnated  glass  fiber 
sheets).  These  shear  gages  have  a  much  higher  load  capacity  than  the  A.l 
type  of  gage,  but  they  also  have  a  lower  sensitivity.  In  operational  use  in 
STV  No.  6  they  have  proved  very  satisfactory  with  sufficient  sensitivity  for 
the  requirements. 

Two  special  clip  gages,  shown  in  Figure  136,  were  made  to  measure 
bore  deformations  and  changes  in  star  width  during  the  STV  tests.  Conven¬ 
tional  foil  gage  elements  were  used  on  the  bore  clip  gage,  but  the  more 
sensitive  semiconductor  type  were  used  on  the  star-width  clip  gage. 

2.  ANALYSIS  OF  STV  NO.  6 

Conventional  analytical  techniques  were  applied  to  the  analysis  of  the 
new  STV  No.  6  grain.  The  four -point  star  bore  geometry  dictated  the  use  of 
a  generalized  plane  strain  approach,  with  the  results  subsequently  modified 
to  account  for  finite  length  effects. 

Figure  137  shows  the  grain  cross  section  used  in  the  analysis. 

Because  of  symmetry,  only  one  quarter  of  the  grain  was  considered,  and  a 
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Figure  136.  Special  Clip  Gages  for  STV  No.  6. 
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Figure  137.  Grain  Cross  Section  Used  in  Analysis  of  STV  No.  6. 
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grid  was  needed  for  only  one  eighth,  a'3  shown  in  the  figure.  Analyses  were 
run  for  isothermal  pressurization  and  for  a  thermal  cooling  condition  with  a 
temperature  change  of  200°F,  The  analysis  was  performed  with  the  elastic 
computer  code  ANL  800,  obtained  from  the  University  of  California  at 
Berkeley. 

Maximum  strain  values  are  produced  at  the  tip  of  the  star  point, 
i.  e.  ,  at  nodal  point  5.1,  under  both  pressurization  and  thermal  loading  con¬ 
ditions.  However,  because  of  the  small  space  available  within  the  bore  of 
STV  No.  6,  the  clip  gages  were  placed  so  as  to  measure  the  width  of  the  star 
valley  at  the  point  corresponding  to  the  nodal  point  1.7,  and  the  bore  clip 
gages  were  mounted  to  measure  the  diametral  changes  at  the  nodal  point  1.10. 

Similarly,  the  diaphragm  stress  gages  were  arranged  to  measure 
the  radial  stress  component  at  the  locations  12.1,  and  at  the  12.10  nodal 
point.  It  will  be  observed  from  Figure  137  that  these  correspond  to  loca¬ 
tions  in  line  with  the  star  point  and  45  degrees  to  the  star  point,  respectively. 

The  analytically  predicted  pressurization  strains  at  the  tip  of  the 
star  point  are  shown  versus  pressure  in  Figure  138.  Figure  139  shows  the 
predicted  change  in  star  width  and  the  change  in  bore  diameter  as  a  function 
of  pressure.  The  latter  two  curves  are  of  course  required  for  comparison 
with  the  experimental  observations. 

Figure  140  shows  the  maximum  hoop  strain  generated  at  the  tip  of 
the  star  point  under  thermal  cooling  conditions,  and  Figure  141  shows  the 
change  in  width  of  the  star  valley  and  the  change  in  bore  diameter  as  a  func¬ 
tion  of  temperature  change. 

The  thermal  cooling  a.nalysis  was  based  on  the  assumption  that  the 
propellant  was  incompressible,  i.e.,  v  =  0.5,  and  the  coefficient  of 

thermal  expansion  was  taken  from  last  year's  Final  Report  as  4.25  x  10  . 

In  determining  the  analytical  strains  and  stresses  for  the  finite 
length  grain,  a  "Parr  Factor"  was  used  to  reduce  the  strains  and  stresses 
predicted  for  the  infinitely  long  plane  strain  condition.  The  Parr  factors 
were  designed  to  be  used  simply  with  strain  measurements  and  are  strictly 
not  valid  for  predicting  stresses.  However,  it  appears  that  the  use  of  the 
Parr  factor  does  produce  a  better  estimate  of  the  stress  value  for  a  finite- 
length  grain  than  the  plane  strain  value  and  for  that  reason  the  stresses  also 
have  been  factored  to  the  lower  values. 

In  lieu  of  the  three-dimensional  analysis  of  the  STV  No.  6  grain,  an 
approximate  approach  was  used  to  obtain  stress  values  along  the  axis  of  the 
grain  for  comparison  with  the  measured  gage  data.  The  approximation 
assumed  that  the  four-point  star  grain  could  be  represented  by  an  equivalent 
circular  port  grain  of  the  same  length.  The  axial  stress  distribution  was 
then  determined  for  this  equivalent  grain  design  and  the  values  at  the  mid¬ 
point  of  the  grain  were  then  factored  to  agree  with  the  plane  strain  analysis 
results  for  the  in-line  stresses  and  stresses  at  45  degrees  to  the  star  point. 
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Figure  140.  Maximum  Thermal  Hoop  Strain  at  Star  Tip  versus 
Temperature  (Analytical). 
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The  normal  radial  stresses  shown  in  Figure  142  were  determined 
in  this  fashion,  as  were  the  shear  stresses  shown  in  Figure  143. 

These  stress  values  were  calculated  by  means  of  a  quasi¬ 
viscoelastic  approach;  the  equivalent  modulus  E(t/ax)  was  obtained  from  the 
relaxation  modulus  curves  for  the  inert  propellant.  The  use  of  the  E(t/aqi) 
modulus  instead  of  the  integral  form  results  in  higher  thermal  stress  values, 
so  that  the  calculated  values  are  the  largest  values  that  could  be  predicted. 

When  the  experimental  stress  values  measured  on  STV  No.  6  are 
compared  with  the  calculated  data,  the  effects  of  aging  must  not  be  ignored. 

For  this  reason,  the  modulus  data  used  to  predict  the  thermal  stresses  in 
last  year's  Final  Report  were  replaced  by  the  aged  inert  propellant  data  pre¬ 
sented  earlier  in  Table  XVII,  in  order  to  calculate  the  stresses  for  compari¬ 
son  with  the  more  recent  experimental  tests. 

3.  EXPERIMENTAL  RESULTS  FROM  STV  NO.  6 

a.  Tests  When  First  Made 

Two  distinct  types  of  test  were  conducted  on  STV  No.  6  when  it 
was  first  manufactured  in  July  1969.  The  first  type  of  test  was  the  slow 
thermal  cooldown  test  with  a  period  of  24  hours  between  changes  in  tempera¬ 
ture,  and  with  relatively  small  temperature  steps.  Later,  the  STV  was 
placed  on  test  with  STV  No.  1,  which  was  being  temperature-cycled  to  failure. 
In  this  case,  the  test  consisted  of  a  rapid  step  change  in  temperature  from 
150°F  to  some  low  value  held  for  at  least  24  hours  with  a  change  to  150°F  again 
for  another  24  hours.  STV  No.  6  was  cycled  along  with  STV  No.  1  from  low- 
temperature  values  of  -20°F  to  a  minimum  temperature  of  -65°F.  At  this 
time,  the  testing  on  STV  No.  6  was  terminated  for  the  second  year  of  the 
STV  program. 

b.  Third  Year  Tests  on  STV  No.  6 

During  the  third  year  of  the  program,  similar  slow  thermal 
cooling  tests  were  first  performed  as  a  means  of  checking  the  performance 
of  the  instrumentation.  Several  different  runs  were  required  before  it  was 
determined  that  the  gages  were  performing  as  well  as  could  be  expected. 

The  bore  strain  measuring  gage  was  replaced  after  the  first  test  runs 
because  it  failed  to  work  properly.  Similarly,  the  600-psi  diaphragm  gage 
gave  considerable  trouble  before  it  was  realized  that  corrosion  had  attacked 
the  leadwires  to  the  gage  and  that  it  was  no  longer  giving  reliable  data. 

Diaphragm  gage  No.  5  was  also  found  to  give  erratic  data  during 
the  third-year  tests.  This  gage,  located  at  the  end  of  the  grain,  attained  a 
high  stress  value  of  120  psi  during  the  temperature  cycling  test  to  -65°F  at 
the  end  of  the  second-year  testing  program.  It  seems  that  this  value  was 
reached  because  the  grain  began  to  unbond  at  the  end  and,  during  the  third- 
year  teBts,  it  seems  that  the  grain  was  not  bonded  to  the  case  in  the  vicinity 
of  the  gage.  At  any  rate  this  is  the  most  probable  explanation  for  the  poor 
data  obtained  from  gage  No.  5  during  the  later  test  series. 


-276- 


LOOKHHO  MOSUUHDN  COMPANY 


{Fresh  Inert  Propellant). 


AFRPL-TR-72-29 


c.  Review  of  Raw  Test  Data 

Considerable  insight  into  what  is  happening  within  STV  No.  6 
may  be  achieved  merely  by  examining  the  raw  data  from  the  gages  obtained 
during  the  tests  described  earlier.  It  is  not  necessary  even  to  convert  the 
gage  signals  to  stress  or  strain  readings,  because  the  trends  are  apparent 
from  an  examination  of  the  gage  outputs  themselves. 

The  data  measured  with  some  of  the  gages  during  the  first  slow 
thermal  cooling  test  are  much  different  from  the  data  obtained  during  the 
later  cycling  tests  and  in  the  later  thermal  cooling  tests.  A  reason  for  this 
discrepancy  was  sought. 

Two  possible  reasons  are  proposed  on  the  basis  of  the  data 

obtained. 

Consider  the  output  data  from  gage  No.  2  located  near  the  end 
of  the  grain,  and  plotted  against  temperature  in  Figure  144.  The  triangles 
of  the  lower  curve  represent  the  data  obtained  during  the  initial  slow  thermal 
cooling  test,  and  the  circles  show  the  thermal  cycling  test  data.  The  signifi¬ 
cant  point  is  the  marked  change  in  gage  reading  at  the  high  temperatures 
during  the  thermal  cycling  tests.  Thus,  the  initial  reading  at  135°F  is  3.2 
mv,  which  increased  to  almost  11.0  mv  at  160°F  by  the  end  of  the  thermal 
cycling  tests.  The  gage  appears  to  be  moving  into  a  compressive  stress 
region,  if  these  data  are  to  be  believed.  A  possible  explanation  for  this 
phenomenon  is  a  rearrangement  in  the  stress  pattern  through  the  grain  after 
removal  of  the  mandrel.  This  rearrangement  theory  appears  sound  when  the 
later,  third- year  thermal  cooling  data  are  also  examined.  By  the  time  of  the 
third-year  tests,  the  STV  was  2  years  old  and  the  reading  from  gage  No.  2 
had  moved  well  into  the  compressive  region.  The  thermal  gage  readings  did 
not  change  significantly  during  the  third-year  tests,  which  suggests  that  by 
this  time  the  grain  had  aged  and  had  achieved  a  stable  configuration. 

Simple  aging  of  the  propellant  unconnected  with  any  mandrel 
removal  appears  to  be  the  principal  cause  of  the  changes  in  the  shear  gage 
readings  presented  in  Figures  145  and  146.  The  data  show  trends  very 
similar  to  that  discussed  earlier  for  the  diaphragm  gage.  Thus,  the  shear 
gage  readings  show  a  consistent  movement  at  the  high  temperatures  during 
the  thermal  cycling  tests  conducted  during  the  second  program  year.  In  this 
case,  however,  the  drift  in  the  readings  is  in  the  same  direction  as  during 
cooldown,  i.  e.  ,  the  drift  iB  toward  an  increased  shear  stress  condition  and 
is  most  probably  caused  by  a  continuing  cure  process  involving  a  slight 
volume  reduction.  Again,  the  later  data  obtained  from  the  third-year  tests 
show  a  continuation  of  the  aging  process,  and  there  is  a  new,  different 
thermal  cooldown  line,  which  starts  from  a  much  higher  residual  shear 
stress  value. 

The  significant  factor  that  results  from  this  examination  of  the 
raw  test  data  is  the  fact  that  the  gages  can  follow  the  effects  of  aging  within 
a  grain  during  a  relatively  long  period,  i.  e.  ,  2  years.  Furthermore,  the 
trends  are  apparent  from  merely  examining  the  gage  output  data  and  there  is 
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Figure  144.  150  psi  Diaphragm  Gage  No.  2  Output  Data  from 

STV  No.  6  versus  Temperature. 
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Figure  146.  Shear  Gage  No.  3  Output  Data  from  STV  No.  6 
versus  Temperature. 
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no  need  to  convert  them  to  engineering  units  until  quantitative  values  are 
required  for  the  changes  in  stress  and  strain  with  aging. 

Not  all  of  the  gages  show  these  marked  changes  in  reading  with 
aging.  Most  of  them,  in  fact,  show  very  little  change  from  the  earliest 
readings  to  the  last  values  recorded.  Why  some  gages  reveal  changes  and 
others  do  not  is  yet  to  be  resolved,  but  there  is  probably  some  relatively 
straightforward  explanation  for  the  fact. 

4.  COMPARISON  OF  EXPERIMENTAL  RESULTS  AND  ANALYSES 
a.  Pressure  Test  Data 

The  bore  strain  measuring  gage  proved  unsuitable  for  the  meas¬ 
urement  of  pressurization  strains  because  it  was  simply  not  sensitive  enough 
to  detect  the  small  displacements  involved  in  the  low-pressure  tests.  Good 
data  were  obtained  from  the  star- point- width  clip  gage  and  some  of  these 
data  are  shown  in  Figure  147.  The  measured  change  in  star  point  width  is 
plotted  versus  pressure  for  several  temperatures  from  140  to  2°F.  At  the 
high  temperatures  the  measured  displacements  were  very  small,  but  they 
increased  as  the  temperature  was  reduced  from  140  to  60°F.  For  the  lower 
temperatures,  i.  e,  30  and  2°F,  the  measured  displacements  of  the  star  point 
are  smaller  than  those  at  60°F.  This  behavior  is  not  anticipated  by  the 
analysis,  which  predicted  the  dashed  line  in  Figure  147.  The  agreement 
between  the  analysis  and  the  experimental  data  is  not  very  good.  The  high 
temperature  data  are  considerably  lower  than  the  predicted  values,  but  the 
lower  temperature  data  are  approximately  twice  as  high  as  the  predicted 
values. 


It  is  possible  that  the  complex  nature  of  the  four-point  star 
geometry  makes  the  prediction  of  the  change  in  star  point  width  extremely 
difficult.  This  does  not  explain,  however,  why  there  is  the  large  variation 
in  displacement  readings  with  the  temperature  change. 

b.  Slow  Thermal  Cooling  Tests 
(1)  Strain  Data 

Two  sets  of  slow-thermal-cooling  displacement  data  are 
shown  in  Figure  148,  plotted  against  temperature.  The  first  set  of  data  were 
obtained  when  the  STV  was  first  built  in  1969.  The  second  set  of  data  were 
measured  during  the  recent  thermal  cooldown  tests  during  1971. 

It  will  be  noted  that  there  is  excellent  agreement  between 
the  two  sets  of  data;  the  bore  diameter  changes  and  the  star  width  changes 
appear  to  be  reproducible  to  within  fairly  close  limits.  One  or  two  data 
points  appear  suspect,  but  in  general  the  reproducibility  is  very  good.  There 
does  not  seem  to  be  any  consistent  variation  in  the  displacements  with  aging. 

Comparison  of  the  calculated  thermal  cooling  displacement 
curves  and  the  measured  data  shows  a  large  discrepancy,  with  the  experi¬ 
mentally  measured  values  being  about  twice  as  large  as  predicted.  The 
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Figure  148.  Comparison  Between  Experimental  and  Analytical  Slow 
Thermal  Cooling  Displacement  Data. 
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experimentally  determined  data  curves  seem  to  exhibit  a  slight  degree  of 
curvature,  which  would  not  be  expected  from  the  analytical  point  of  view. 

(2)  Normal  Stress  Data 

A  comparison  between  the  calculated  and  the  measured 
thermal  stresses  at  the  midpoint  of  the  STV  was  presented  in  last  year's 
Final  Report  as  Figure  111.  It  is  repeated  here  as  Figure  149.  It  will  be 
observed  that  the  predicted  slow  thermal  cooling  stresses  are  smaller  by  a 
factor  of  1.5  than  those  measured.  However,  the  calculated  thermal  stresses 
were  determined  by  means  of  the  simple  approximation  E(t/aT),  but  from  the 
unaged  inert  propellant  properties.  If  the  2-year-old  propellant  properties 
are  used  in  place  of  the  unaged  properties,  then  the  calculated  thermal 
stresses  are  increased  as  shown  in  Figure  150.  Thus,  in  comparing  the 
measured  thermal  stress  data  with  the  calculated  data  as  in  Figure  149,  the 
observed  discrepancies  can  be  the  result  of  a  higher  degree  of  cure  for  the 
propellant  in  the  motor,  which  would  result  in  higher  modulus  values  similar 
to  the  aged  propellant  modulus  data.  Thus,  the  differences  between  the 
observed  (high)  thermal  stresses  and  the  calculated  (low)  stress  values  can 
be  the  result  of  at  least  three  different  effects,  as  follows; 

•  The  thermal  coefficient  of  linear  expansion  is 
greater  in  the  STV  than  is  measured  in  the  small 
samples  in  the  laboratory.  This  affects  both  the 
stresses  and  the  strains  and  would  tend  to  being 
them  both  into  line  with  measured  data. 

•  The  modulus  of  the  unaged  propellant  as  deter¬ 
mined  from  cartons  cured  with  the  STV  is  lower 
than  that  of  the  STV  propellant  cured  in  the  STV. 

This  problem  has  been  observed  before  on  motors 
in  several  different  projects.  Typically,  the 
carton  modulus  data  are  lower  than  the  in-situ 
motor  modulus  data. 

•  The  propellant  may  be  nonlinear  in  its  behavior, 
as  demonstrated  in  many  laboratory  tests, 
resulting  in  modulus  data  that  changes  with  strain 
and/or  type  of  loading  applied. 

As  yet  there  are  insufficient  data  from  the  STV  to  allow  a 
decision  to  be  made  between  these  possible  causes  of  the  thermal  stress  and 
strain  discrepancy. 

c.  Thermal  Cycling  Tests 

Another  possibility  exists  for  the  discrepancy  between  the 
observed  thermal  stress  data  and  the  calculated  data.  The  calculated  data 
values  are  based  on  the  assumption  that  the  STV  is  slowly  cooled  to  the  lower 
temperatures  in  a  uniform  manner.  In  reality,  however,  the  propellant  may 
be  cooled  much  faster  than  say  the  20°F  per  day  assumed,  if  the  STV  is 
placed  in  a  20°F  temperature  differential  and  most  of  the  temperature  change 
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Figure  149.  Comparison  Between  Experimental  Thermal  Stresses  and 
Calculated  Stress  Values  from  Plane  Strain  Analysis  at 
Midpoint  of  Inert  Propellant  STV  No.  6. 
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occurs  in  the  first  portion  of  the  conditioning  period.  In  this  case,  the  rate 
of  cooling  of  the  propellant  may  be  much  closer  to  that  obtained  under  thermal 
cycling  conditions,  where  it  is  assumed  that  the  temperature  is  achieved  in  a 
single  step  from  the  high  (cure)  temperature  to  the  low  value.  The  effect  of 
changing  from  slow  thermal  cooling  to  thermal  cycling  conditions  is  also 
shown  in  Figure  150  for  the  normal  thermal  stress  at  the  midpoint  of  the  STV. 
At  moderate  temperatures  the  difference  between  the  slow  cooling  data  and  the 
thermal  cycling  data  is  small,  but  the  difference  should  become  much  more 
apparent  at  low  temperatures. 

Experimental  thermal  cycling  data  from  the  1969  tests  are 
presented  in  Figure  151,  and  the  slow  thermal  cooling  data  are  also  shown 
for  comparison.  There  is  very  little  difference  between  the  slow  thermal 
cooling  data  and  the  thermal  cycling  data,  certainly  not  as  much  as  would  be 
predicted  from  the  analytical  data. 

d.  Thermal  Shear  Stress  Data 

The  raw  data  from  shear  gages  No,  2  and  3  have  already 
been  presented  in  Figures  145  and  146.  The  same  data,  now  converted  into 
thermal  stress  versus  temperature,  are  presented  in  Figure  151.  These 
data  must  be  compared  with  the  calculated  data  shown  in  Figure  152,  Curves 
were  calculated  on  the  basis  of  the  "equivalent  modulus"  at  E(t/ax)  from  the 
fresh- propellant  data  obtained  from  the  propellant  cartons  cast  with  the  STV, 
and  from  the  aged- propellant  properties  determined  from  the  inert  propellant 
test  specimen  during  the  third  program  year.  The  calculated  shear  stresses 
include  both  slow  thermal  cooling  tests  and  the  thermal  cycling  tepts.  It  is 
interesting  to  note  that  the  differences  between  the  thermal  cycling  shear 
stresses  and  the  slow  thermal  cooling  stresses  are  fairly  small  for  tempera¬ 
tures  from  150  to  -20°F,  but  the  differences  become  significant  at  the  lower 
temperatures. 


To  facilitate  comparison  of  the  experimental  data  with  the 
calculated  curves,  the  curves  in  Figure  151  have  been  simplified  and  re¬ 
plotted  (assuming  the  shear  stress  is  zero  at  150°F)  in  Figure  153.  Also 
plotted  in  this  figure  are  the  calculated  data. 

Considering  first  the  data  from  shear  gage  No.  2,  it  will 
be  noted  that  the  experimental  points  plotted  in  Figure  153  do  not  change 
greatly  whether  the  test  is  a  slow  thermal  cooling  test  or  a  temperature 
cycling  test.  Furthermore,  there  is  not  a  great  deal  of  difference  between 
the  1969  data  and  the  1971  data,  especially  at  the  lower  temperatures.  At  the 
higher  temperatures,  it  appears  that  the  postcure  reaction  has  produced  an 
increased  shear  stress  of  about  2.0  to  2.5  psi.  However,  the  data  are  very 
consistent  and  are  relatively  insensitive  to  the  type  of  test. 

The  consistency  of  the  experimental  data  enables  a  good 
comparison  to  be  drawn  between  the  calculated  data  based  on  the  unaged  pro¬ 
pellant  modulus  values  for  a  slow  thermal  cooling  type  of  test.  The  initial 
slow  thermal  cooling  test  carried  out  in  1969  gave  the  highest  shear  stresses 
and  the  largest  deviations  from  the  calculated  data;  the  low  temperature  data 
approach  the  thermal  cycling  calculations  instead  of  the  slow  thermal  cooling 
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Figure  151.  Experimental  Thermal  Shear  Stresses  versus  Temperature. 
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Figure  152.  Calculated  Thermal  Shear  Stresses  versus  Temperature. 
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curve,  The  later  1971  data  are  ^ery  close  to  the  slow  thermal  cooling  data 
but  displaced  by  the  amount  of  the  cure  shear  stress  (i.  e.  ,  about  2.5  psi). 
There  is  no  evidence  of  a  significant  aging  effect  producing  the  expected  in¬ 
crease  in  propellant  modulus  and  a  corresponding  increase  in  thermal  shear 
stress. 

The  data  obtained  from  shear  gage  No.  3  are  very  different 
from  the  No.  2  gage  data.  Considering  first  the  initial  slow  thermal  cooling 
test  data  obtained  in  1969,  the  experimental  points  are  close  to  the  calculated 
curve  for  the  aged  propellant  modulus  and  for  the  thermal  cycling  condition. 
Similarly,  the  first  test  performed  in  1971,  which  was  another  slow  thermal 
cooling  test,  gave  very  similar  data. 

The  thermal  cycling  data  measured  in  1969  provide  the 
most  interesting  deviations  from  the  anticipated  results.  There  is  strong 
evidence  that  the  rapid  thermal  cycling  tests  did  not  allow  sufficient  time  for 
the  grain  to  return  to  its  normal  (undistorted)  shape  when  the  STV  was  heated 
to  140/l50°F  after  being  cooled  to  a  low  temperature.  Thus,  the  thermal 
shear  stress  at  the  high  temperature  builds  up  during  the  thermal  cycling  to 
a  value  of  13  psi.  Upon  cooling  from  the  high  temperature,  the  stress  builds 
up  to  a  higher  value  than  that  calculated,  resulting  in  a  set  of  measured 
shear  stresses  considerably  higher  than  those  calculated.  However,  if 
sufficient  time  is  allowed  after  the  thermal  cycling  test,  then  the  grain  will 
return  to  its  original  shape  and  the  stress  will  return  to  zero,  as  the  initial 
set  of  test  data  obtained  in  1971  shows. 

Again,  there  is  no  evidence  of  a  significant  increase  in 
stress  values  with  propellant  aging;  all  of  the  measured  stresses  are  higher 
than  those  calculated  for  the  slow  thermal  cooling  condition  (which  may  be 
realistic  for  the  location  of  this  shear  gage  near  the  end  of  the  grain).  It  is 
a  strong  possibility  that  the  temperature  of  the  propellant  in  the  gage  locality 
cools  much  more  quickly  than  assumed  in  the  slow-cooling  calculations. 

5.  CONCLUSIONS 

The  agreement  between  the  analytical  predictions  and  the  measured 
stress  and  strain  data  from  STV  No.  6  is  not  particularly  good.  However, 
in  view  of  the  fact  that  the  analysis  was  not  a  three-dimensional  type  but 
relied  on  approximations  to  account  for  the  effects  of  a  finite  length  grain, 
it  is  hardly  surprising  that  the  agreement  was  not  better. 

Part  of  the  reason  for  the  discrepancy  between  the  analysis  and  the 
experimental  data  may  be  the  use  of  a  low  value  for  the  coefficient  of  thermal 
expansion,  a;  the  measured  stress  and  strain  values  suggest  that  the  value 
should  have  been  higher  than  the  value  of  4.25  in.  /in.  /°F  used  in  the 
analysis.  However  this  was  the  value  measured  in  the  conventional  linear 
expansion  apparatus  and  there  was  no  good  reason  for  using  any  other  value 
of  o. 

The  experimental  stress  and  strain  data  obtained  during  the  testing 
of  STV  No.  6  are  very  consistent.  Thus  there  is  little  data  scatter  even  be¬ 
tween  data  taken  in  1969  and  that  taken  in  1971.  This  of  course  tends  to  make 
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the  stress  and  strain  values  measured  in  the  tests  somewhat  more  believable 
and  they  do  seem  to  be  rational  data. 

The  most  interesting  data  were  noted  in  the  shear  cube  thermal 
cycling  test  data.  During  the  temperature  cycling  tests,  the  data  measured 
with  shear  gage  No.  3  showed  a  buildup  of  thermal  shear  stress  that  was  not 
apparent  in  the  other  gage  data.  During  the  almost  2-year  interval  between 
the  1969  testing  and  the  1971  testing  of  STV  No.  6,  the  grain  appeared  to 
have  reverted  to  its  original  condition  so  that  the  first  thermal  cooling  test 
of  1971  gave  almost  exactly  the  same  data  as  the  1969  test. 

The  thermal  cycling  tests  of  1971  were  plagued  by  gage  problems  so 
that  the  clear  stress  buildup  noted  in  the  1969  data  was  not  obtained.  How¬ 
ever,  the  increased  stress  level  obtained  after  the  first  thermal  cooling  test 
is  quite  marked. 

Because  of  the  type  of  calibration  carried  out  on  the  shear  gages, 
the  data  have  been  interpreted  as  a  buildup  of  shear  stress.  However,  in 
view  of  the  data  obtained  from  the  shear  gages  located  at  the  middle  of  the 
diametral  compression  specimen  (see  Section  IV,  3,  b,),  it  is  more  probable 
that  the  gage  readings  are  due  to  shear  strains  (distortions)  developing  during 
the  thermal  cycling  tests.  It  takes  a  finite  length  of  time  for  the  grain  shear 
distortion  to  disappear  and  therefore  the  gage  continues  to  read  a  shear 
stress/strain  value  after  the  load  has  been  removed.  In  the  case  of  the  grain 
of  STV  No.  6,  it  seems  that  the  shear  distortion  does  not  have  time  to  relax 
in  between  the  thermal  cycles,  so  that  the  shear  strain  gradually  increases 
with  the  number  of  cycles. 

It  is  possible  that  this  phenomenon  may  contribute  to  the  failure  of 
the  grain  during  thermal  cycling,  but  there  is  insufficient  evidence  at 
present  to  verify  this  hypothesis. 
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SECTION  VIII 

REMOVAL  OF  GAGES  FROM  OLD  STVs 


1.  INTRODUCTION 

During  the  STV  program  it  became  apparent  that  unless  some 
technique  was  developed  for  the  removal  of  gages  from  STVs  that  were 
no  longer  in  use,  they  would  have  to  be  discarded  along  with  the  STVs. 

Primarily,  the  gages  of  interest  are  the  diaphragm  normal  stress 
sensors.  They  are  expensive  devices  and  there  is  a  good  chance  of  recover¬ 
ing  them  in  operational  condition.  It  was  determined  at  an  early  stage  that 
there  was  very  little  chance  of  recovering  the  shear  cubes  from  the  old  STVs. 
The  shear  gages  are  fragile  devices  and  the  forces  required  to  remove  them 
from  the  propellant  are  generally  sufficient  to  destroy  them. 

In  the  case  of  the  miniature  diaphragm  gages,  however,  there 
seemed  to  be  a  good  chance  of  recovering  the  gages  in  reasonable  condition 
such  that  a  minimum  of  refurbishing  would  be  required.  There  waB  also 
another  reason  for  wishing  to  remove  the  gages  from  the  old  STVs:  they 
were  not  properly  calibrated  for  thermal  zero  shift  before  installation  (the 
technique  was  not  established  at  the  start  of  the  STV  program).  Thus,  if 
the  gages  could  be  removed  with  a  piece  of  the  surrounding  propellant  and 
case,  they  might  be  calibrated  for  thermal  zero  effects  and  thereby  enable 
the  old  STV  data  to  be  analyzed  more  realistically. 

2.  TYPES  OF  STV  AVAILABLE 

Not  all  of  the  STVs  posed  a  problem  as  far  as  removal  of  the  gages 
was  concerned.  The  nylon -encased  live  propellant  STV  No.  3  did  not  appear 
to  present  too  difficult  a  problem,  and  the  Solithane  grain  STV  No.  4  certainly 
did  not  present  a  serious  safety  hazard.  The  real  concern  was  felt  about  the 
removal  of  the  gages  from  the  two  live -propellant,  steel-case  STVs  No.  1 
and  2.  These  two  steel-encased  STVs  contained  a  number  of  diaphragm 
gages  that  were  worth  recovering  and,  furthermore,  the  calibration  data 
for  these  gages  would  have  proved  most  useful. 

3.  TECHNIQUES  FOR  REMOVING  GAGES  FROM  STVs 

a.  Nylon-Encased  STV 

The  problem  with  this  STV  (No.  3)  was  that  sawing  through  the 
nylon  case  might  possibly  cause  propellant  ignition  through  excessive  local 
heating.  For  this  reason,  it  was  decided  to  remove  the  case  from  the  pro¬ 
pellant  grain  and  then  to  take  the  gages  from  the  live  propellant  grain  in 
another  operation. 

The  technique  adopted  was  to  cool  the  STV  to  a  low  tempera¬ 
ture  (-65°F)  until  the  grain  shrank  away  from  the  case  and  could  be  removed 
intact.  This  was  achieved  with  a  reasonable  degree  of  success.  It  required 
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several  cycles  to  the  low  temperature  before  the  grain  finally  became  un¬ 
bonded  from  the  grain  and  then  several  of  the  lead  wires  that  were  bonded 
too  well  to  the  case  became  detached  from  the  gages. 

After  the  removal  of  the  propellant  grain  from  the  case,  the 
various  sections  of  the  grain  containing  the  gages  were  cut  from  the  bulk 
of  the  grain. 


b.  Steel-Encased  Solithane  STV  No.  4 

Because  of  the  inert  Solithane  grain,  there  was  no  problem  of 
safety  with  this  STV.  It  was  simply  necessary  to  decide  whether  or  not  to 
try  to  remove  the  case  from  the  grain  intact,  as  with  the  nylon -encased  STV 
No.  3,  or  to  saw  through  the  case  around  the  gages  to  keep  the  case -grain 
sections  intact. 

In  the  end,  it  was  decided  that  the  best  chance  of  success  lay 
in  simply  sawing  through  the  steel  case  with  a  standard  power  saw.  This 
technique  was  adopted  and  the  STV  case  was  sawn  into  small  pieces  sur¬ 
rounding  the  gages.  Subsequently  the  Solithane  was  removed  from  the  steel 
case  sections  without  excessive  difficulty.  Thus,  the  gages  encapsulated  in 
Solithane  elastomer  were  eventually  obtained  by  this  procedure. 

c.  Steel-Encased  Live  Propellant  STVs  No.  1  and  2 

These  STVs  represented  the  most  difficult  problem  relative  to 
removing  the  gages.  It  was  quickly  decided  that  the  only  possible  technique 
was  to  chemically  mill  the  case  into  small  sections  containing  the  gages  and 
then  to  cut  the  propellant  away  from  the  gages  by  hand. 

The  technique  and  apparatus  used  for  the  chemical  milling 
operation  were  similar  to  those  developed  at  LPC  for  cutting  SRAM  motor 
cases  into  sections.  The  STV  case  was  coated  with  a  layer  of  RTV  com¬ 
pound  to  prevent  the  salt  solution  from  attacking  the  whole  of  the  case  wall. 
Where  the  cuts  were  to  be  made,  the  RTV  was  removed  for  a  distance  of 
about  x/z  inch. 

A  copper  pipe  was  bent  into  a  circle  around  the  STV  case. 

Small  holes  in  the  pipe  were  arranged  to  spray  the  salt  solution  into  the  part 
of  the  STV  case  where  the  RTV  protective  coating  had  been  removed.  The 
salt  solution  was  pumped  from  a  small  plastic  wading  pool  by  means  of  a 
stainless  steel  pump.  It  was  sprayed  through  the  copper  pipe  onto  the  STV 
case  and  then  allowed  to  flow  back  into  the  wading  pool  by  gravity  feed.  A 
large  steel  drum  was  arranged  around  the  STV  and  copper  pipe  to  prevent 
loss  of  salt  solution. 

A  heavy-duty  welding  apparatus  was  used  to  provide  a  high- 
current  source  for  the  electro -chemical  milling  process.  The  case  was  con¬ 
nected  to  the  positive  electrode  (anode)  and  the  copper  pipe  was  connected  to 
the  positive  electrode  (cathode).  The  high- current  DC  flow  through  the  salt 
solution  resulted  in  the  removal  of  the  steel  STV  sections  that  were  not  pro¬ 
tected  by  the  RTV  coating.  Experience  had  shown  that  the  fast-flowing  salt 
solution  spray  was  effective  in  removing  the  heat  generated  during  the  chemi¬ 
cal  milling  operation,  and  the  large  surface  area  of  the  wading  pool  was  also 
used  to  dissipate  the  heat. 
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However,  to  prevent  excessive  temperature  buildup  during 
the  process,  several  thermocouples  were  attached  to  the  STV  case  near  the 
cuts,  and  the  temperature  at  these  locations  was  monitored  continuously 
during  the  operation.  At  the  first  sign  of  a  serious  temperature  rise,  the 
current  was  stopped  and  the  case  was  allowed  to  cool  to  ambient  tempera¬ 
ture.  Because  of  the  high  risk  of  this  type  of  process,  the  whole  operation 
was  conducted  at  the  Potrero  testing  ground  of  LPC.  A  sketch  of  the 
apparatus  is  given  as  Figure  154. 

4.  RESULTS  OF  GAGE  REMOVAL  PROCEDURES 

On  the  whole,  the  removal  of  the  gages  from  the  old  STVs  pro¬ 
ceeded  reasonably  well.  The  steel-encased  propellant  STVs  No.  1  and  2 
were  successfully  cut  into  4 -inch -wide  sections  surrounding  the  gages 
(three  per  STV).  From  STVs  No.  3  and  4,  seven  diaphragm  gages, 
enclosed  in  either  live  propellant  (No.  3),  or  in  Solithane  (No.  4),  were 
obtained. 


The  exercise  of  removing  the  gages  from  the  old  STVs  must  be 
regarded  as  a  feasibility  study  to  determine  whether  or  not  the  process 
could  be  performed.  From  this  viewpoint  the  operation  was  a  success. 

From  an  economic  standpoint,  however,  it  is  not  likely  that  the 
removal  of  gages  from  live  propellant  motors  will  prove  attractive, 
especially  if  the  cost  of  new  gages  can  be  brought  down  to  a  reasonable 
level.  After  removal  from  the  STVs  or  motors,  the  gages  must  be  sepa¬ 
rated  from  the  remnants  of  propellant  and  sent  to  the  gage  manufacturer 
for  any  repair  and  regaging  that  is  required.  In  the  present  instance,  little 
was  lost  if  the  gages  are  in  fact  refurbished  at  a  minimal  cost. 

The  lengthy  time  required  to  remove  the  gages  and  the  cost  (in 
manhours)  of  the  operations  prevented  the  hoped-for  re  calibration  of  some 
of  the  gages. 
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APPENDIX  I 

MODIFIED  APPENDIX  A  TO  AFRPL-TR -69 -  1 77: 
DESIGN  OF  MICROFILM  ACQUISITION,  STORAGE, 
AND  RETRIEVAL  SYSTEM  FOR  SOLID 
PROPELLANT  MECHANICAL  BEHAVIOR  DATA'1' 


1.  INTRODUCTION 

The  original  Appendix  A  to  AFRPL-TR-69-177,  "Design  of  Micro¬ 
film  Acquisition,  Storage,  and  Retrieval  System  for  Solid  Propellant 
Mechanical  Behavior  Data",  was  considered  to  require  considerable  modifi¬ 
cation  before  it  could  be  used  successfully  for  the  handling  of  propellant 
mechanical  behavior  data.  Thus  Mr.  E.  R.  Frost  was  placed  under  subcon¬ 
tract  to  perform  the  required  modifications  to  the  system  with  the  assistance 
of  Dr.  Leeming,  LPC’s  principal  investigator. 

Subsequently,  it  was  decided  that  the  scope  of  the  data  storage 
system  should  be  extended  so  as  to  encompass  gage -propellant  calibration 
data  and  inert  propellant  data,  neither  of  which  were  included  in  the  original 
scope  of  the  system.  These  two  changes  are  incorporated  in  the  revised 
system,  which  is  presented  in  the  later  sections  of  this  appendix  together 
with  other  minor  changes  also  found  necessary  in  the  classification  of  the 
STV  program  data. 

The  original  Appendix  A  to  AFRPL-TR-69-177  considered  two 
PCAM  cards  sufficient  to  store  all  of  the  pertinent  solid  propellant  mechanical 
behavior  data.  Card  A  was  to  contain  proposal  information  and  card  B  was 
to  contain  the  material  description  and  the  mechanical  test  data. 

At  an  early  stage  in  the  review  of  Appendix  A  it  became  clear  that 
the  material  description  data  often  would  be  either  proprietary  or  classified 
or  both.  This  would  involve  making  the  whole  of  the  card  B  file  and  the 
microfiche  copies  classified.  To  avoid  this  situation,  it  was  decided  to 
employ  a  three -card  system  in  which  card  A  would  contain  the  proposal  data 
as  before.  Card  B  would  contain  the  detailed  material  description  data, and 
card  C  would  employ  an  abbreviated  material  description  and  would  contain 
the  mechanical  behavior  data.  With  this  approach,  the  A  and  B  cards  can  be 
classified  and  filed  separately.  The  C  card,  which  is  used  to  describe  the 
mechanical  test  data,  contains  no  classified  information  and  therefore  the 
card  file  and  the  microfiche  containing  the  same  data  need  no  special  handling. 


M  This  work  performed  by  Edward  R.  Frost  and  Associates,  under  sub 
contract  to  Lockheed  Propulsion  Company. 
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The  data  contained  in  the  C  card  are  printed  along  the  top  of  the 
microfiche  as  a  60 -column,  two -row  heading  in  the  manner  shown  below: 


MICROFICHE  HEADING  AND  INDEX  STRIP 


Column  Number 


mini 

1  234567890 1 23454 
1LPC0PC.STV-646  1 
Ma  t «  r •  Dei e .  Fid 


|1  1  1  222  2222  222  3D  3333333344444  4444455|5555j5 
{7890  1  234567890 


0AMB01 OOAB06M| 
Agng  Cond. F I d 


123456789012345678901 
1B01.P1  65FAMBA*  P*002| 
Teit  Type /Cond.  Fid 


156 

j>at> 


555 
234! 

B0Q 
SD  fg  No 


5556 

7890 

1-02 


NOTE:  Column  numbers  do  not  appear  on  microfiche. 


The  data  consist  of  five  separate  sequences  of  alpha/numeric  infor¬ 
mation  or  data  fields.  The  first  is  the  Material  Description  Field,  which 
employs  columns  1  through  16.  The  second  is  the  Aging  Condition  Field, 
which  employs  columns  18  through  30.  The  third  is  the  Test  Type  and 
Condition  Field,  which  employs  columns  32  through  51.  The  fourth  is  the 
Source  Data  Field,  which  employs  columns  53  through  55.  The  fifth  and 
last  is  the  Page  No.  Field,  which  employs  columns  56  through  60. 


For  ease  of  reading  this  heading,  the  data  are  presented  in  two 
rows  with  the  field  descriptors  printed  along  the  lower  row  as  shown.  The 
coded  data  symbols  are  above  the  printed  field  descriptor. 


Card  C  contains  one  additional  piece  of  information  that  is  not 
printed  as  part  of  the  index  strip  of  the  microfiche.  Card  columns  7  0 
through  7  9  contain  the  microfiche  number,  which  is  an  arbitrary  number 
assigned  sequentially  when  the  data  are  copied.  The  microfiche  number 
is  photographed  with  the  test  card  as  the  first  image  on  the  microfiche. 
Details  of  the  coding  system  adopted  on  the  C  card  format  are  given  next. 

2.  CARD  C  FORMAT  (TEST  DATA  CARD) 


a.  Material  Description  Field,  Card  Positions  1  through  16 
Materials:  Numeric,  Card  Position  1 


1 - Propellant  (live) 

2 - Propellant  (inert) 

3  -Ela stomer 

4  -Liner 

5  -Insulation 
6-Plastic  (e,  g.  ,  Nylon' 
7  -Metal 

8 -Structural  composite 


Manufacturer’s  Identification  Code:  Alpha,  Card  Positions  2 
through  4 

LPC -Lockheed  Propulsion  Company 
AGC -Aerojet-General  Corporation 
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NAR -North  American  Rockwell  Corporation 
ARC -Atlantic  Research  Corporation 

Note:  AFRPL  will  assign  manufacturer's  alpha 
designator. 

Manufacturer's  Designation:  Alpha/Numeric,  Card 
Positions  5  through  11 

Examples: 

0005  86A 

000625A 

0000667 

000LPE5 

ANB2639 

Ji^J^STV -Normal-cure  STV  propellant 
JitfPC -STV -STV  propellant  given  additional  cure 
together  with  STVs. 

Note:  Manufacturers  will  use  their  own  7 -digit 
alpha/numeric  code. 

Hyphenate:  Card  Position  12 

Batch  Number:  Numeric,  Card  Positions  13  through  16 
(Precede  Numeric  with  Zero  si 

Example: 

0001 

0002 

0003 

6461-  STV  propellant  Batch  No, 

Note:  Batch  numbers  will  be  assigned  by  manufacturers 

in  numeric  sequence. 

Blank  Space  1;  Card  Position  17 

b.  Aging  Condition  Field:  Card  Positions  18  through  30 

Aging  Temperature:  Alpha/Numeric,  Card  Positions 
18  through  22 

Example: 

P165F-  Positive  165°F 
N040C-  Negative  40°C 
0AMB0-  Ambient  (unspecified) 
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Aging  Relative  Humidity:  Numeric,  Card  Positions  23 
through  25 

Example: 

035-  35-percent  relative  humidity 
100 -  100-percent  relative  humidity 
AMB-  Ambient  (unspecified) 

Aging  Environment:  Alpha.  Card  Position  26 


A -Air 
B -Nitrogen 
C  -Argon 
D -Oxygen 

E  through  Z  reserved 


Aging  Configuration:  Alpha.  Card  Position  27 


Example: 

i.  e.  ,  Propellant  specimens 

tested  were  aged  as  bulk 
samples,  as  specimens, 
or  in  motors. 

Aging  Storage  Time:  Alpha/Numeric,  Card  Positions 
28  through  30 


B  -Bulk  Samples 
S  -Specimens 
M  -Motor 


Examples: 


12  H-  12  hours 
02  D-  2  days 
06W -  6  weeks 

12M-  12  months 
20  Y  -  20  years 

Note:  Use  of  "V00  for  data  summary  sheets,  where  data 
from  more  than  one  storage  period  are  tabulated. 

Blank  Space  1;  Card  Position  31 

c.  Test  Type  and  Condition  Field:  Card  Positions  32 
through  51 


Test  Type;  Numeric,  Card  Position  32 

1-  Uniaxial 

2-  Biaxial 

3-  Triaxial 

4-  Shear 

5-  Fracture  mechanics 
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6-  Adhesive 
7  -  Analog 

8-  Gage  calibration  test 

9-  Miscellaneous 

Specimen  Type:  Alpha,  Card  Position  33 

A-  Uniaxial  JANNAF 
B-  Tab  end  JANNAF  (ICRPG) 

C-  Miscellaneous  uniaxial 
D-  Strip  biaxial 
E  -  Bubble 

F-  Diametral  compression 
G-  Poker  chip 
H-  Hollow  sphere  or  ellipse 
I-  Hollow  cylinder 
J-  Single  lap  shear 
K-  Chevron  shear 
L-  Multiple  lap  shear 
M-  Bond  in  tension 
N-  Scarf  joint  specimen 
P-  Peel  specimen 
Q-  2 -inch  cylinder 
R-  4-  to  6 -inch  diameter  analog 
S-  Blister  peel  specimen 
T-  Center  crack  strip  biaxial 
U-  Edge  crack  strip  biaxial 

V  -  Radial  planar  loading  specimen  (bicycle  wheel) 

W-  Gage/propellant  pressurized  in  motor  case 
X  &  Y  reserved 
Z-  Miscellaneous 

Test  Mode:  Numeric,  Card  Positions  34  and  35 

01-  Constant  strain  rate 
02-  Constant  stress  rate 
03-  Constant  load/stress  (creep) 

04-  Constant  strain  (relaxation) 

05-  Mixed  rate  test  j 

06-  Mixed  constant  load  test  >  Cumulative  Damage  Tests 
07-  Mixed  constant  strain  test  j 
08-  Constant  pressure 
09-  Constant  pressure  rate 

10-  Constant  cooling  rate 

11-  Constant  cyclic  stress  1 

12-  Constant  cyclic  strain  ;  Fatigue  Tests 

13-  Mixed  cyclic  stress/strain; 

14-  Small  strain  dynamic/cyclic 

15-  Mixed  strain  plus  temperature  change 

16-  Pressurized  constant  strain  rate  test 

17-  Combined  pressure/strain  calibration  test 
18  thru  98  reserved 

99-  Miscellaneous 
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Hyphenate;  Card  Position  36 

Test  Temperature;  Alpha/Numeric  Card  Positions  37 
through  4  1 

Example: 

P165F-  Positive  165°F 
N)Zf4/C-  Negative  40°C 

VARIA-  Variable,  for  data  summary  sheets 

Test  Relative  Humidity:  Numeric,  Card  Positions  42 
through  44 

Example: 

20 -percent  relative  humidity 
100-percent  relative  humidity 
AMB-  Ambient  (unspecified) 

VAR-  Various,  for  data  summary  sheets 

Test  Environment;  Alpha,  Card  Position  45 


A-  Air 
B-  Nitrogen 
C-  Argon 
D-  Oxygen 
E  thru  W  reserved 

X-  To  be  used  for  data  summary  sheets  if  more  than 
one  test  environment  is  considered. 

Hyphenate;  Card  Position  46 

Test  Rate/Strain/Stress/Load;  Alpha/ls'umeric,  Card 
Positions  47  through  5  1 


Example; 

Tensile: 

P050-  50  in. /min 

-  50-percent  strain 

-  5  0  psi 

-  50  pounds 

Note  (1):  For  small  strains  and  low  rates,  use  *  to 
indicate  position  of  decimal  point. 
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Example: 

P *002-  0.002  in. /min 

N2*50-  2.50-percent  strain  (compressive)  etc 

For  very  low  or  very  high  strain  rates,  use  the  exponent 
code  as  follows: 


P  2  E-4=  Tensile,  2x  10"4  =  tensile,  0.0002  in. /min 

N  5  E+4=  Compressive,  5  x  1 04  =  compressive,  50,000  in. /min 

Note  (2):  For  data  summary  sheet  use: 


VAR1A-  Variable,  i.  e. 

on  data  sheet, 

PldULT-  Tensile  | 

NMULT  -  Compressive  ( 


,  more  than  one  rate  considered 
or 

multi-rate,  multi-strain  or 
stress  tests  used  for  cumulative 
damage  experiments,  i.  e.  ,  more 
than  one  rate/strain/stress  used 
in  a  single  test. 


Blank  Space;  Card  Position  52 
d.  Source  Data:  Card  Positions  53  through  55 


Source  Data:  Alpha,  Card  Positions  53  through  55 
Example: 

AOO-  Raw  data  (only) 

OAO-  Computed  data  (only) 

OOA-  Graphic  data  (only) 

AAA-  Combination  of  data,  i.  e.  ,  raw,  computed  and 
graphical 


Note:  Explanation  and  definition  of  Source  Data  Coding 
are  as  follows: 


Raw  Data 


AOO-  Specimen  dimension  sheet 
BOO-  Load-time  chart  (Instron) 

COO-  Load -displacement  chart 
DOO-  Strain -time  chart 
EOO-  Lateral  strain-time  chart 
FOO-  Volume  dilation  chart 
GOO  thru  ZOO  reserved 

Computed  Data  -  An  Alpha  A  signifies  any  or  all  of  the 
following: 

OAO-  Failure  stres s/strain  data 
-  Relaxation  modulus  data 
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OAO-  Creep  compliance  data 

-  Constant  strain  rate  data 

-  Constant  stress  rate  data 

-  Volume  change  data 

-  Cumulative  damage  calculations 

-  Add  computed  data  as  required 

Graphic  Data  -  An  Alpha  A  signifies  any  or  all  of  the 
following: 

OOA-  Stress  versus  strain  failure  envelope 

-  Failure  stress -time  locus 

-  Failure  strain -time  locus 

-  Relaxation -time  plot 

-  Creep  compliance -time  plot 

-  Failure  energy-time  plot 

-  Shift  factor -temperature  plot 

-  Add  graphic  data  as  required 

e.  Page  Numbering:  Card  Positions  56  through  60 

Page  of  Pages;  Numeric,  Card  Positions  56  through  60 
Er.ample: 

01-10-  Page  one  of  ten  pages 
03-09-  Page  three  of  nine  pages 

Blank  Space:  Card  Positions  61  through  69 

f.  Microfiche  Numbering:  Card  Positions  70  through  79 
Microfiche  Number:  Numeric,  Card  Positions  7  0  through  79 


Example: 

0000000001  -  Microfiche  number  one 
0000010000-  Microfiche  number  ten  thousand 

Note:  Microfiche  numbers  will  not  anpear  on  the  index 
strip  of  the  microfiche,  but  rather  on  the  test 
target  of  the  microfiche. 
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